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ABSTRACT

A study has been made of the radiation-induced

- reaction between 602 and carbon at low pressures
using low voltage electrons emitted from an oxide
coated cathode. Experiments with a flow of 602 have
shown that the primary radiolysis product responsible
for the attack on the carbon is not electrically
charged and the evidence presented suggests it is
atomic oxygen. The experiments have shown that

with carbon present the electron emission current
from the oxide coated cathode is being maintained,
but that in the absenée of carbon the current decays
rapidly to quite low values. This has been shown to
be due to the competition between the carbon and the
cathode for the oxidising species produced in the

602 by the accclerated electrons. Use of this effect
is made in interpreting results at electron energies
at which changes in the gas phase and/or the carbon
surface cannot be detected in the present system.

The effect of mercury atoms on the behaviour of the

CO2~oarbon reaction has also been investigated.
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Studies of the radiation-induced CO;~
carbon reaction under static conditions has shown
that the sy .tem rapidly attains some form of
steady state condition. ZEvidence for a reverse
reaction involving CO is provided by the deposi-
tion of a carbon-like solid observed in these
experiments and in similar experiments with CO and
002/00 mixtures. A mass balance between products
and reactants was never obtained, due to a compet-
ition between clean-up and degassing of clectrodes,
etec.

Lfn spite of the peculiarities of the
static systems it has been found that the initial
rates of reaction in the static experiments can
be compared with the reaction rates in the

corresponding flow experiments.
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INTRODUCTION

The first stage of the development of nuclear power in
the United Kingdom has been based on the use of graphite
as the neutron moderator and carbon dioxide as the
coolant gas. In the designs of the Calder Hall reactor
and of the first reactors for the Central Electricity
Authority these two components are in contact within the
reactor core. Studies have therefore been made of the
behaviour of these materials under reactor conditions.

The problem set by the compatability consider-
ations of the CO,~carbon system in-pile can be divided
into two parte. The first part concerns the purecly
thermal resction of graphite with carbon dioxide while
the second part deals with the influence of the high
energy reactor radiation.

It has been shown that the thermal recactions
below 600°C are concerned solely with the chemisorbed
oxygen on the graphite surface, changes in which are
considered unlikely to have any direct technological
significance in reactors of the present type. At
higher temperatures the gasification reaction will lead

to loss of carbon; however methods of protection
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against this have been described which may be of value
despite the observed ineffectiveness of these methods
against radiation induced processes.

The initial work on the influence of reactor
radiation quickly showed that a reaction between graphite
and carbon dioxide was occurring at temperatures at
which the thermal reaction would be negligible. Data
from experiments in the Harwell reactor B.E.P.O.
showed that this reaction could be interpreted in terms
of the radiation decomposition of the C0s in the gas
phase producing active species which are carried down-
stream where they could react with the graphite surface
to produce CO. 1In view of the known radiation stability
of pure 002 it was concluded that the graphite acts as
an inhibitor of recombination processes and also as a
vehicle for attack by the chemically active species
produced by the radiolysis.

It was estimated from the results of the experi-
ments in-pile that for the present Calder Hall reactors
the mean rate of loss of carbon from the moderator would
be about 0.5 tons per year and that the steady state CO
concentration would depend on the gas leak rates but
might be expected tolie between 0.5% and 1.5%. Such
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results showed that the radiation-induced processes werc
unlikely to present any operational problems in the
present design of reactors of the Calder Hall class or
in the reactors being built for the first stages of the
United Kingdom civil power programme.

However in future reactor designs economic
considerations may decide in favour of higher power
ratings (increased radiation intensity) and smaller
systems (Lower leakage rate and probably a higher ratio
of gas to graphite in the core). Both these factors
would enhance the importance of the radiation induced
processes and due to the almost certain increase in
operating temperature would place greater emphasis on
the purely thermal reaction between graphite and carbon
dioxide.

The results of experiments performed in-pile
were of the greatest practical value but added little
to the basic knowledge of the reactions. The main
trouble was in obtaining good control of all +the variables
affecting this type of experiment. The results sugges-
ted that the behaviour in the pores and at the super-
ficial surface of the graphite was different. Weight

changes occurred other than those to be expected in
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a purely thermal system and no reliable correlation
between CO production and weight loss has so far been
obtained. Spectroscopic studies of a high frequency

discharge in CO_ confirmed the presence of most of the

2
species to be expected from the radiolysis but were
unable to identify the ones responsible for the carbon
removal.

The present work has served to develop apparatus
in which gases at low pressure can be bombarded by
electrons emitted from an oxide coated cathode in a
controlled voltage field. The work has involved the
developmert of gas analytical methods suited to the
experiments with minor modifications to the apparatus
s0 &8s to enable mercury vapour to be removed when
necessary and tc minimise the amount of reactive metal
present in the reaction vessel.

These basic studies are intended to throw light
on the processes occurring at much higher gas pressures
with high energy radiation in Cogncooled and graphite
moderated reactors. O0f the several assumptions involved
in relating the phenomena the most notable is that the

principal effect of reducing the gas pressure is to
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increase the life-time of the active species and reduce
the effect of secondary processes occurring in the gas
phase. The principal advantage of this type of experiment
lies in the greater facility with which the many variables
involved can be controlled independently. The effect of
variations in applied voltage, the presence of electrical
clearing fields which would eliminate or encourage
reactions of charged species and the behaviour in COZ/CO
mixtures has been investigated with the intention of
providing information on the nature of the active species
respongible for the observed phenomena. The effect of

CO, on the emission current from the oxide coated

cathode has also been investigated in the presence and
absence of carbon. Results have been obtained which are
of use in interpreting effects observed in the radiation-

induced Cozucarbon reaction.

- 12 -



LITERATURE SURVEY

(4) Radiochemical reactions in pure co,

1. Ionization Processes: In CO, these processes have

been studied by Smyth and Stueckelbergl

, Kallmann and

Rosen2 and reviewed up until 193%0 by SmythB, more recent

4

studies have been made by Kambara®™. Their results are

essentially in agrecment and are summarised in Table I

below.
Observed Appearsnce Potential (ev) TABLE I Suggested
Product K&R S&S Kambara Process
+ = + +
CO," 14 14.4 13.9%0.1  00,-5C0,

ot 17 19.6%0.4 20.3%0.2 cog—-:coJro+
cot 18 20.4%0.7 20.5%0.2 002_¢co++o

¢t 29 28.,3%1,5 26,6%0.2 COE~¢C++O+O

o 20.0%1.0 G0,—s (€0, +C0,)

-¢2CO+OE

Calculnted Relative

Minimun JAbundence
Energy
100
19.0 7
19.7 20
26.7 3
18.7

The values given in the last column were calculated by

smyth directly from heats of dissociation and

potentials.

ionization

Smyth and Stueckelberg using a modification of

Dempsters mass spectrograph and with electron acceler-

ating potentials of the order of 40 volts found that the
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02+ ion was only observed at higher 002 pressures of
about 20y and considered it to be 2 secondary ion
resulting from the formation of an excited 002+ ion,
support for this view comeg from the existence of
strong CO, spectral bands in the corrcsponding wave-
length region. The majority of their observations were
made at 002 pressures in the ionization tube of the
order of 0.8y where the primsry ions 602+, CO+, ot ana
¢t were found, the relative numbers of these ions at
these low pressurcs and moderately high voltages were
of the order of 100, 20, 7 and 3 respectively, however
these relative numbers were found to alter with change
of €0, pressure in the ionization tube. Similar figures
have more recently been obtained by Hayakawa and Suguira5.
It was observed bty Snyth and Stueckelberg that the
intensity of the 00" ion decreased with increase in 002
pressure for CO, pressures in excess of Hu. This was
interpreted as the result of a collision of the second
kind of the type COT + CO,~» COL + 0O, a process not
unlikely in view of the nearness of the ionization
potentials of CO and CO0s. Exchange reactions of this
type had been observed earlier by Harnwell6 with rare

gas mixtures.
- 14 -



The effect of pressure variations in the magnet
gspace of the spectrograph on the relative ion intensities
was made and shown to have little effect except with
the ¢ ion. The gspectrograph was designed so as to
minimise thermal dissociation of the COy Dby the fila-
ment, the effect was however; not completely eliminated.
Absolute values for the appearance potentials of the
different ions were determined by using Argon, whose
lonization potential was known, as a standard.

Kambara using a 6OO~type mass spectrograph
obtained results similar to those of Smyth and
Stueckelberg, namely that the 02+ ion was not observed
at the lower 002 pressures in the ion source, further-
more it was found that at low 002 pressures the relative
ratios among other ions was constamt but that at higher
pressures the ratio of CO+, 0" and ¢* to 002+ was
increased.,

The appearance potentials of the various ions
can be compared With.theoretical expectations. Carbon
dioxide is a straight line molecule with the carbon
atom in the middle, It was expected therefore that
002+, cot and 07 would be obtained at comparatively low

potentials whereas to get the ¢t ion both the oxygen
- 15 -



atoms must be broken away and the remaining carbon atom
ionised, a process obviously requiring more energy.

The first ionization potential of GO, has been
determined both spectroscopically anrnd from electron
impact work. Electron impact data generally yield
slightly higher values of ionization potentials due to
the formation of ions in excited states whereas spectro-
scopic data refer to ions in the ground state. In
Table II are listed some values obtained for the first
ionization potential of.GO2 using either an electron
impact method or a spcctroscopic method, also included

are two recent values obtained by a photo-ionization

method.
TABLE II

Type of method Tonization potential Reference

Electron impact 14.4 1
n 13.9 £ 0.1 4
" 1% .85 10
1" 13 .85 11
" 13.88 £ 0.03 12

Spectroscopic 15.79 £ 0.06 7
fi 14 .4 38
" 15.78 £ 0.01 9

Photo-ionization 14.0 % 0.3 13
" 13.6 L 0.2 14
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The appearance of the GO?+ ion at potentials
higher than in Table II has been reported by various
workers. Mﬁullik:enl5 showed that the ultra-violet
emission bands of 002 probably represent transitions
among 4 electron states of 002+ which correspond to ths
4 lowest ionization potentials of €Oy which were probably
13.72, 17.09, 18.00 and 21.5 volts; similar results have
been presented by Weissler et al.l4

2. Excitation Processes: The ultra-violet absorption

16 17

spectrum has been studied by Leifson and by Lyman™' .

Bonhoeffer and Harteck™ conclude from the data that the
continuous absorption spectrum corresponds to & diss-
ociation into carbon monoxide and a normal oxygen atom
occurring at 5.5 ev.

It is not usually possible to determine diss-
ociation heats of polyatomic molecules by spcctroscopic
methods. Combination of thermochemical data with
spectroscopically determined values for the heat of
dissociation of diatomic molecules, however, frequently
enables the heat of formation of the polyatomic molecule

to be determined.
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Using such a technique Gaydonl9 obtains for the
energy required to dissociate 002 into CO and 0 the value
126.2 Kecal/mole or 5.5 ev, while for the complete diss-
ociation into C+0+0, that is the heat of formation of
00,, the energy required is 382;3 Kcal/mole or 16.5 ev.
However the doubt existing over the heat of dissociation
of GO renders this method unreliable for CO,.

The above energies refer to the dissociation
products in thelr ground state, i.e., unexcited CO, O,
etc.. However, calculations based on the observations of
Adel and Dennisonzo, on the infra-red absorption spectrum
of 002; ylelded a value of about 300 Kcal/molé for the
heat of dissociation of 002 into an oxygen atom and a
carbon monoxide molecule, The difference between this
value and 126.2 Kcal given above corresponding presumably
to the excitation energy of GO or 0. It was considered
~that the energy difference was too large to correspond
to excitation of the oxygen atom and was more likely to
correspond to excitation of the carbon monoxide molecule.
Criticisms of the assumptions made in these calculations
have, however, been made by Laidlecr (see ref.22),.

FPurther measurements of +the absorpbtion cross-

section of 002 in the wvacuum ultra-violet by Inn etalia21
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enabled the upper limits of the energy necessary for the

process COz-aCO + 0 to be determined. These energies are

given in column 2 of Table III, the third column of this

table contains values for the energy of dissociation of

-~

00, into €O and O given by Weekes® from spectral data.

The normal or ground state of CO is indicated by the symbol

(‘g:), while for oxygen it is indicated by the symbol

¢ ), hence

CO or O.

States

co
co
3) CO

4) CO
5) co

— N

(=) +
')+
(=) +
(311)+
(311)+

all other symbols refer to excited states of

Table IIXT

h Y

23 2%
Observed Energy ?ev) Observed Energy (ev)

o P) 6.8 5.4
o('D) 7.7 7.4
0('s) 10.3 9.7
0(3P) - 11.4
0¢ P) - 1%.1

The states of the excited C02 molecules

from which these products were formed have not been

specified, although Wilde et alia

23 suggests that

processes (1) and (2) occur via the formation of CO,

(¢ 11) and €0, ('II) respectively, where the (*II) and
2

('II) refer to two low-lying excited states of CO,
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predicted earlier by Mulliken.”

3. Negative Ion PFPormation: Loeb24, Wahlin25 and Bradbury

and Tat6126 find that carbon dioxide does not have an
appreciable electron affinity and no negative ilons were
observed even at the highest electron velocities attained.
Recent confirmation of this has been provided by Rosenbaum
and Neuert.27
However it is energetically possible for negative
ions to be formed by a process known as "dissoclative
attachment"., This is a reaction in which electrons with
some 3.5 ev of energy cause dissociation of the 002
molecule into CO + 0 . DPor a dissociation of C0, into
CO + 0, the energy required is 5.5 ev, 2.2 ev of this
could come from.the heat of formation of 0 . Loeb28

however states that such a process has never been

observed.

4. Radiation Stability of QQQ: The apparent stability
of 002 under the influence of radiation had been observed
as far back as 1908 by Cameron and Ramsey who found it

to be relatively unaffected byvi.—radiation unless Hg

or P were present, in which case these substances were
oxidised and CO was formed. Further evidence for the

stability of €0, towards «_ -radiation was provided by



the work of Wourtzel (1920), Lind and Bardwell (1925)
and Harteck and Dondes (1955).

With the development of modern reactor tech-
nology radiation effects on 002 have become of increasing
interest, since the 602 ig a f&vourable coolant., Thus
Davidge and larsh (1955) and Harteck and Dondes (1955,
1957) have investigated the effect of pile radiation and
fission fragments upon CO2 and have confirmed the earlier
results for the ineffectual decompogition of pure CO2
by radiation. |

29

Harteck and Dondes carried out further experi-
meats with CO, using both «{~radiation and pile radiation
and found that the addition of percentages as small as
0.5 per cent of nitrogen dioxide (NO,) was sufficient

to promote considerable decomposition of the GO, to

give the products carbon monoxide and oxygen. This
result showed that G0y, had no inherent stability towards
radiation and that any interference with the reactions
involving the radiation produced intermediate species
could reduce or eliminate the reactions re-forming 002,

confirmation of this was provided by the later work

with carbon.
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Hirschfelder and TaylorSO basing their analysis
on mass spectroscopic and ultra violet absorption studies
considered the effect of radiation on CO,. They assumed
that the majority of positive ions formed were 002+, with
a fraction p of the total positive ions present being
due to OO+, they further assumed that the dissociation
of 002 into CO and O occurred with a probability equal
to that of positive ion formation. Neutralization of
COZ+ and 00T was considered %o result in the formation
of CO + O and C + O respectively, the neutralization of
002+ to yield C+0+0 being thought energetically imposs-
ible, although the formation of an excited 002+ ion was
evidently not considered.

The effect of radiation on C0, was exprecsed as:

200, +be= (2-p) CO+ (24D) O+pC+

they attributed the radiation stability of 002 to the

recombination reactions

0+ CO = 602 (1)
and as O2 became appreciable and led to O3 formation
31

However Jacksgon obgserved that the recombin-

ation of CO and 0 was some 150 +4times slower than the

29,3%2
formation of O5 via 02+O = 03, while Harteck and Dondes’
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showed that the gae phase reaction between CO and O3 was
hindered by a heat of activation of over 28 Kcal and was
therefore probably too slow to be responsible for the
reformation of CO,.

Harteck and Dondes therefore proposed a new
reaction mechanism to account for the apparent radiation

stability of 002, the proposed mechanism is as below:

€0, — CO + O (3)

—s C+ 0+ 0 (4)

CO + C + M — Co0 + U (5)
Co0 + CO + M — 0302 + M (6)
Op + 0+ M — Oz + M (7)
C O, + 0 — CO0, + C50 (8)

Cz Oy + Oz =5 COp + Co0 + 0 (9)
CO + O + M — CO, + M (10)

The mechanism suggests that the formation of
carbon sub-oxides, rather than being a side reaction
required only in CO-rich mixtures to account for the
formation of solids, is here required as an essential
step inthe 002 reformation processes, although there
will be partial diffusion of these sub-oxides to the

=z
walls to form polymerization products. WrightBJ points
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out that the two mechanisng proposed separately by
Hirschfelder and Taylor and by Harteck and Dondes are
not mautually exclusive. The carbon sub-oxides in the
Harteck and Dondes mechanism serve mercly as carriers
for CO to facilitate recaction with the oxidising species

O and O It is to be noted also that carbon atoms play

3
an essential role in the recombination mechanism.
Photolytic or electron impact studies using
photon or electron energies sufficient for reaction (3)
(5.5 ev = 2250 &) but insufficient for reaction (4)
(16.6 ev = 750 A) might provide interesting contrasts

with radiastion chemical studies where both reactions are

possible.

(B) Radiochemical reactions in pure CO:

1. Ionigation Procesgess Simple molecular ionization

and dissociative ionization processes in carbon monoxide
have been the subject of much study. The work carried
out up uwntil 1930 has been briefly reviewed by Smythg.

54 presents a critical account of the

However Hagstrum
early electron impact work and considers many of the
results unreliable. His main objections are (1) that

the gas pressures were to0o high and therefore secondary
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processes were almost certainly occurring and (2) the
sensitivity of the apparatus was too low. Hagstrum
feels that the development of mass spectrometers using
magnetically collimated electron beams and retarding
potential apparatus enabling the kinetic energy imparted
to the ions upon formation to be determined, has
rendered the more recent electron impact data much more
reliable.

In mass spectrometer studies of ionigation
processes, the method generally used is for the ions
formed by electron impact to be accelerated and
collimated into a beam by a system of electrodes at
different potentials and then passed through some sort
of mass analyser, usually of the magnetic deflection
type, the resolved ion beam is then collected and the
ion current measured.

The minimum electron energy required to form
the particular ion is obtained from the ionization
efficiency curve, which is a graph of ion current versus
electron energy. The determination of the actual value
of this electron voltage is made difficult by the fact that
the electrons receive energy from sources other than

the potentials applied to the electron accelerating
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electrodes. The magnitude of contributions from these
gources - tine thermal energy of the electrons, contact
and surface potentialg, potential gradients in the
ionization chamber, etc., - cannot be determined directly.
However the use of a gas whose ionigation potential is
known, for example Heon, usually enables the relation-
ship between the volbtage applied to the accelerating
electrodes, which is the quantity measured, and the
actual voltage of the ionizing electrons to be determined.
The minimum electron energy required to compl-
etely remove an electron from a molecule, thus forming
a molecule-ion, is called simply the ionization potential
of the molecule, whereas the term "appearance potentisgl"
is generally applied in the case of the formation of a
fragment ion from a molecule, that is when ionization
and dissociation occur. Theoretically ionization
potentials and appearance potentials refer to processes
in which all the entities involved are in their ground
state and moreover possess no kinetic energy. However
when ionization is accomplished by elcctron impact it
is required that the Franck~00ndon55 principle is
obeyed. Regtricting the discussion to diatomic mole-

culeg, such a requirement means that if the molecule
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and molecule~ion have appreciably different nuclear
geparations then the molecule-~ion will be produced
with vibrational energy, while for the case of ioni-
zation followéd by dissociation the fragment ions may
possibly possess kinetic energy as well as excitation
energy .

It is known36 that the €O ion is formed with
essentially zero kinetic energy and therefore of
particular interest in the study of electron collisions
in CO are the ionization processes in which the molecule-
ion dissociates. To specify completely each dissociative
ionization process it is necessary to know (1) the
identity of the atomic fragments as to states of ioni-
zation and excitation (2) their distribution in initial
kinetic energy and (3) the appearance potential for
fragments of known kinetic energy. The most recent
and probably the best electron impact study of CO is
that of Hagstrum37 whose mass spectrometer had special
constructional features permitting the determination
of the identity of the ion, its appearance potential
and its initial kinetic encrgy. His appearance
potential measurements for ions of zero kinetic energy
are shown below in Table IV together with the results

from sources considered by Hagstrum to be reliable.
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Table IV

Appearance Potential ( olts

(1) 6" 20.9 % 0.2 20.9 20.9 003 0T (2P)+07E(2.2) 5.5
(2) 22.8 £ 0,2 22,8 22.8 00s cT(°p)+0% (D)
(3) o 235.2%0,5 2353 - o9 (O)+0t (%) 3
(4) 00 9.6% 0.2 9.5 9.5 00sc (7p)+0"E(2:2)
(5) 21.1 £ 0.2 20.9 20.9 c0a» ¢F(°P)+07E(2,2)
(6) cot 14.1 % 0,2 14.1 14,0%6 cos cot 100

The £ifth column of Table IV contains the proces

thought by Hagstrum to best represent the appearance
potential data. The 0™ (2.2) refers to a negative ion
possessing 2.2 volts of excitation energy. Hagstrum
also found that the only ion formed with kinetic energy
was the 07 ion of process (3), the most abundant of
which possessed 1.5 volts of kinetic energy. Earlier
work by Hagstrum and Tate had given an additional
appearance potential, that of the o™ ion occurring at

42.5 volts, while the rclative sbundances of the GOV,

G+, 07 and ¢o™ ions were found by Hayakawa and Suguira5

to be 100, 5.5, 3 and 0,2

ses

The excellent agreement obtained by Hagstrum with

earlier appearance potential measurements made it
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possible for him to calculate a series of values for
the dissociation energy of CO and so arrive at a unique
value for this guantity. This part of his work will be
left until the section dealing with the determination
of this energy.

The observation of higher excited states of
the 60T ion has been reported by Weissler et alial4
using a photo-ionization method, The appearance
potentials for these lons being given as 16.6, 20.1 and
25.7 volts, in good agreement with spectroscopic
measurements.

2. Heat of Dissociation of CO0. D(CO): D(CO) is a

particularly important gquantity because of its
relation with the heat of sublimation of carbon, L(C),
and through it to the heats of formation and bond
energies of every carbon containing molecule. The
relation between L(C) and D(CO0) is obtained from a
well known thermochemical cycle which yields:
L(C) = D(CO0) - 3.721 ev (85.78 Kcal)

No general agreement on a unique value for
D(CO) has yet been reached and at present there are
still four values rcceiving support from different
workers. The values under consideration for D(CO)

- 29 -



are 9.14, §.61L, 9.85 and 11.11 volts, the corresponding
values of L(C) being 125.0, 135.8, 141.3 and 170.4
Kcal/mole rcspectively.

The methods used in the determination of D(CO)
can be grouped under three main headings (a) electron
impact studies (b) spectroscopic measurcments and
(¢) carbon vapour prcssure measurements.

(a) The work of Hagstrum37 degscribed in the previous
section represcnts probably the best electron impact
results for D(CO). Hagstrum, frdm the appearance pot-
entials summarised in Table IV, calculated a series of
valucs for the dissociation energy of CO agsuming all
possible excitations of the products. Comparison of
the different scries showed that the only single value
of D(CO) satisfying the demands of the appearance
potential data was 9.6l volts, agrecing well with an
earlier spectroscopic value obtained by Hagstrum34.
‘However this unique figure of 9,61 volts was deduced
assuming that the 07%(2,2) ion had an excitation
energy cqual to the electron affinity of the oxygen atom,
which was generally accepted at that time to be 2.2
volts. Recent measurements by Branscomb and Smith4o
have however indicated that in fact the electron
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affinity of atomic oxygen may be as low as 1.48 volts,
in which case an excited 0  ion at 2.2 volts must be
unstable and would not be observed. The conclusion is
that until the controversy over the electron affinity
of atomic oxygen is resolved, the electron impact value
for D(CO) = 9.61 volts must remain in doubt.

Attempts have been made to determine L(C) from
measurements of appearance potentials for CHY and ¢
ions from several small molecules, but this leads to
values of L(C) ranging from 100 fo 240 Kecal/mole and
must therefore be considered unreliable. Lindholm4l
using monochromatic ions to bombard CO and then ana-
lysing the fragments with a spectrometer was able to
deduce a value of 9,605 volts for D(CO), a result in
remarkable agreement with that of Hagstrum. ZEvidence
of a lower limit to D(CO) was provided by Kenty et alia
who noted the failure of metastable Xe atoms to diss-—
ociate CO in collisions of the second kind and took
this to mean +that D(CO) was not less than 9.4 volts.
(b) Spectroscopic studies have yielded many values for
D(CO) ranging from 6,92 up to 11l.1l volts. The bulk of
the spectroscopic evidence comes from reported obser-

vations of what are known as predissociations. These
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are slight fluctuations in the intensity of the vib-
rational or rational structure of various CO spectral
band systems. True predissociation often enables an
upper limit to the dissociation energy to be fixed.
However abnormalities in the intensity distributions
may be due to phcnomena other than predissociations and
great care has to be taken in interpreting such effects.

The value of D(CO) = 6,92 volts was deduced by
Schmid and Gero42 from data interpreted as evidence of
predissociation. However the objections that this value
produces an impossibly low figure for L(C) and also
grossly violates certain rules in spectroscopy has led
to it being largely discarded. Herzberg43 using a
different interpretation of the same dataerrivés at a
value for D(CO) of 9.14 volts, The main objection to
this value is that it also violates a certain rule in
spectroscopy, although support is provided by the
studies of Faltings ot alia®* on the photo-dissociation
of CO. However the interpretation of this work has
been strongly criticised by Gaydon and Penney45.

Probably the most acceptable spectroscopic
value for D(CO) is 11,11 volts. It appears to be

generally agreed that the predissociation data indicates
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a true dissociation 1limit occurring at 11.11 volts.
The controversy arises over the degree of excitation
to be assigned to the atomic products of the diss-
ociation at this limit, the true value of D(CO0) being
11.11 volts minus the atomic excitation encrgy.
Gaydon46 provides strong evidence for supposing that
the figure of 11l.11 volts represents the true diss-
ociation energy of CO. He points out that it does

not cause the violation of rules in spectroscopy that
lower values cause and also cites the support lent by
most of the recent values for the latent heat of
sublimation of carbon. However the value proposed by
Gaydon definitely does not agrec with Hagstrum's recent
electron impact data.

(c) Attempts have been made to measure L(Q) directly
from the vapour pressure of carbon. The problem is
difficult experimentally because of the very high
temperatures involved and the fact that gaseous‘carbon
is not completely monatomic, there are also doubts
about fhe interpretation of the results unless perfect
equilibrium is attained.

47

Brewer et alia’', Simpson et alia48 and Marshall

49

and Norton obtained values of around 170 Kcal/mole for
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L(C) which yields a value for D(CO) of 11.11 volts,
however Goldfinger et alia carrying out similar experi-
ments found L(C) to be about 142 Kcal/mole and favours
for D(CO) a value of 9.85 volts, such a value is however
barely distinguishable from that of Hagstrum.

Some of the most significant experiments have
been the studies of the evaporation of carbon in the ion
source of a mass spectrometer, carried out by Chupka and
IngramBO. The carbon is formed by thermal evaporation
of solid carbon, the gas then diffuses into an electron
beam where ionization takes place, mass analysis of the
ions follows. Comparison of the ion intensities with
those from a standard enabled the workers to mecasure the
absolute pressure of the molecular specics in the carbon
gas. The vapour pressure of carbon atoms at 2400°K was
found to be 2 x 10"8 atmospheres which compares well
with the value calculated from L(C) = 170 Kecal/mole.

Other methods for determining D(C0) do not yield
a single value more favourable than any other, although
it does appear that either 9.61 volts or 11.11 volts

represents the true dissociation energy of CO.

5. Negative Ion Formation: The formation of negative

ions in carbon monoxide has been investigated by Wahlin25
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51, Tazier and

Bradbury and Tate126, Tate and Lozier
more recently by Rosenbaum and Neuert.27 A1l concur in
the conclusion that the carbon monocxide molecule has
negligible electron affinity. No negative ions are
formed in it until actusal dissociation of the CO occurs.
The electron impact studies of Hagstrum discussed
earlier revealed that O  ions are formed at electron
energies of 9.6 volts and 20.9 volts. It is perhaps
interesting to record that although Hagstrum studied

CO extensively and carefully he found no evidence for
the formation of a ¢ ion, similar studies in a CO
digcharge by Smith and Branscomb4o revealed little or
no trace of this ion.

4. Overall effect of radiation upon C0: Cameron and

Ramsey52 and Lind and Bardwe1153 found, in contrast to
their experiments with 002, that CO was very sensitive
toCXL~radiation, They observed that the CO was readily
decomposed with the subsequent formation of CO, and a
carbon-rich solid. The nature of this solid was found
to vary with the conditions in which it was formed,
being particularly dependent upon temperature. Obser-
vations by early workers that the pressure changes

produced by the irradiation of the CO could not be
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reconciled with the equation 2C0- C02 + C was taken
to indicate that the solid was not pure carbon. The
present concept is that the solid is some form of
carbon suboxide polymer of complex and variable
composition. In most of the experiments carried

out at temperatures below 100°C the solid was seen
to have a brown or yellow colour and usually settled
to the bottom of the irradiation vessel as though
nucleation in the gas had occurred. Cameron and
Ramsey described two solids, a black one, possibly
carbon, which settled and a brownish yellow film
which was evenly distributed over the walls of the
vessel. On heating these solids in wvacuum, 002 and
CO were produced leaving behind a residue of carbon.
Lind and Bardwell reported that if the gases were
pumped off and the vessel filled with GO, which was
then re-irradiated, the solids disappeared and CO
was formed. CO irradiation at higher temperatures
(350-500°C) produced black deposits which possibly
indicates a higher proportion of carbon. The state
of knowledge of these solids is at present
incomplete.

30

Hirschfelder and Taylor using the data
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available at that time were able to account for the
effect of radiation on CO. They considered that the
oéi—partiole and its fast secondary electrons were
principally engaged in the reactions:

CO = €07 + e (1)

0 = ¢ + O (2) |
these occurring with abour equal probability, the
primary processes thus being represented by the
equations;

200+ = 0T+ e+C+0 (3)
The subsequent fate of the cot ion was decided as
follows, it was considered that a certain fraction w
of the 00% ions underwent the ion exchange reaction:

60" + 00 = ¢+ 0o, (4)
while the remaining fraction (1-w) underwent the
neutralization process:

c0t + e = 0+ 0 (5)
the fate of the ¢7 ion of reaction (4) being decided
by a further neutralization process, viz:

¢ + e+ 00 =2C+ 0 (6)
the simultaneous collision with a CO molecule indi-

cated in equation (6) was considered necessary
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because the energy produced by the direct neutral-
ization of the ¢ ion to yield a carbon atom only
would have to be released in the form of radiation
and such processes were known to have a small prob-—
ability. The resultant expression for the effect
of rsdiation upon €O is thus:

2 (L+w) G0 +ol = w 0O, + 20 + (2+w) C  (7)
4 Hirschfelder and Taylor considered the ex-
cess carbon to be the origin of the carbon suboxides
found in the experimental observations and felt
there was a possibility that some carbon atoms may
reach the vessel wall to form solid carbon, a
conclusion consistant with Cameron and Ramsey's
observations of two solids. Since the oxygea can
oxidise either the carbon suboxide or the solid
carbon it is impossible to predict the ratio of the
products obtained, but the analysis showed that
about two molecules of CO will disappear per ion
pair formed. ILind and Bardwell deduced an initial
ion pair yield of about three which is supported

by the work of Woodley.
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(C) Radiation induced reactions in the system
C:
=2

From the studies made on the radiolysis of CO, 1t

was reasonably easy to predict the effect of intro-
ducing solid carbon into a system in which 002 was
being irradiated. By analogy with the reports on
the effect of mercury, phosphorus and nitrogen
dioxide it was expected that the carbon would be
oxidised with the formation of CO until a steady
state condition was reached.

A thorough review of the present position
regarding the reaction between carbon dioxide and
carbon under the influence of radiation has recently
been presented by Wright.?3 Since the problem is
directly concerned with the compatability of CO2
end carbon under nuclear reactor conditions many
experiments have been performed in-pile. Of
importance in the in-pile experiments is the energy
absorbed by the 002 and the carbon in the reactor
rather than the incident radiation. It is known
that two components of reactor radiation can
transfer energy - gamma rays and fast (i.e. non-

thermal) neutrons. Gamma rays can ionize directly
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but their main effect is to produce fast secondary
electrons which cause many more ionizations and
excltations. Iast neutrons however transfer energy
by elastic collisions producing energetic recoil
ions which then cause further ionizations and
exciltations, and in solids cause atomic displace-
ments.

In the CO,/graphite system encountered
in tke reactor, energy can be absorbed in three
regions (a) the so0lid carbon (b) the bulk gas and
(c) the gas in the pores of the carbon. Calori-
metric measurements made in the core of B.E.P.O.,
the experimental reactor at Harwell, have however
shown that the same energy is absorbed per unit
mass for all three regions, for the same thermal
neutron flux. These measurements showed that the
rates of energy absorption in carbon, carbon
dioxide, carbon monoxide and oxygen, independent
of their chemical form, were all of the order of
2.83% milli-watts per gram at a thermal neutron
flux of 101° neutrons per sq.cm.per sec. 81% of
this encrgy being due to gamma radiation and 19%

to fast neutron scattering.
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There were two distincet possibilities as
to the cause of the radiation induced reaction
between GO, and carbon, (1) that the radiation was
producing "active sites" on the carbon possessing
sufficient cnergy to enable them to react with CO2,
or (2) that the radiation was producing in the CO,
active species, for example atomic oxygen, capable
of reacting with the carbon., Since in any prac-
tical reactor system the mass of graphite greatly
exceeds the masgs of gas under irradiation, it was
at first thought that the radiation would exert a
much greater influence on the reaction through the
energy absorbed in the graphite than through that
absorbed by the gascous reactant. It was expected
that carbon atoms displaced from their normal
lattice positions by irradiation of the graphite
and the resultant distorted lattice would be more
reactive than the normal graphite, also carbon atoms
recoiling from fast neutron collisions would cause
local cxcitations which might stimulate chemical
reaction. However all the observations on the

radiation induced reaction between carbon dioxide
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and carbon indicate that it is the energy absorbed
in the gas phase which is the more important, al-
though reactor irradiation of the graphite has been
found to enhance subsequent thermal oxidation in
air or oxygen,

some of the fundamental concepts of the
radiation induced reaction were established by
Davidge and Marsh54 who studied the reaction in an
all-glass apparatus in B,E.P.0. In their work the
gas was circulated by a glagss piston pump over the
graphite which was contained in a temperature-con-
trplled furnace in the core of the reactor. A
large silica bulb was incorporated in the gas
system close to the furnace to enable the volume
of gas under irradiation to be increased when
required. The reaction was followed by analysing
gas samples for CO. It was observed that the rate
of CO formation was considerably greater when the
gas was passed through the large silica bulb before
reaching the graphite than when this large volume
was downstream of the sample, other variables being
kept constant. .This clearly demonstrated that it

was the absorption of energy in the gas phase that
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determined the extent of the subsequent reaction
with the graphite. Davidge and Marsh, and other
workers, have also observed that the C0 concen-
tration could be brought to a steady state value

of between 0.3 and 1.4 volume % which was consid-
erably above the maximum thermodynamic value for the
conditions in the absence of radiation of 0.06%.

The rate was found to depend linearly on radiation
intensity and was approximately independent of
temperature in the range 25%0 - 35000, it did
however depend on pressure, gas flow and ratio of
gas to graphite in a complex manner.

Copestake and Corney55 have recently carr-
led out an extensive series of experiments in
which sealed silica bulbs containing a known
pressure of 002 and a carbon sample were irrad-
iated. Irradiations were carried out in B.E.P.O.
at 80°C and 500°C and in D1DO at 30°C, the latter
providing a pure gamma radiation source. The
knowledge that reactor radiation could still cause
gas cevolution from carbon irradiated in vacuum at

temperatures of 80°Cafter previous degassing treat-

ment at much higher temperatures led Copestake and
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Corney to study the effect in the presence of 002.
They found that the amount of gas evolved by
radiation was not sufficient to obscure the changes
in gas composition produced by the radiation
induced reaction betwecen CO, and carbon. In one
set of experiments a variety of different carbons
were irradiated in G0y to see if the nature of the
carbon influenced CO production. The results of
such experiments were expressed in terms of the
number of molecules of CO produced per 100 ev of
total energy absorbed in the 002, denoted by Gco’

a selection of these results are given in

Table V.
Table V
(a) Pile grade A |
406 3 '05 “ gra;hite 1068 0.68 0032
480 3,05 |Uhgmmhdtised g gy 2.2 0.48
301 3.18 LRt 1.vs 0.71  0.32
CHy impregnated
352 5.99 graphite 2,56 1.22 0.%9
(b ) Ungraphitised
607 3 -27 cellulose carbon 2975 Oo33 0-092
558  1.83 @ emite .75 0.30  0.083
604  1.71 odibisceembon  3.05 0.31  0.078
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These results showed that apparently the
nature of the carbon had little effect on the CO
produciion. PFurther experiments by Copestake and
Corney chowed that the rate of CO production de-
crcased with increase in the total radiation dose
and there were indications that the CO concentration
wag approaching & steady value. It was also
found that the radiation yield of CO decreased with
increase of the initial 002 filling pressure, other
conditions being constant, the precise relationship
appearing to depend strongly upon the geometry of

thoe system. The effect of variations in weight

and shape of the carbon specimens gave results
difficult to correlate. The Gog values obtained
for irradiation in a pure gamma source tended to
be lower than for the corresponding B.E.P.O.
irradiations, the precise significance of this
difference is, however, uncertain in view of the
differences in dosimetry and energy spectra. The
report of a reaction in a purc gamma source is
contrary to the finding of Woodley (1954) who
reported very little reaction between €O, and

graphite after 105 days in a gamma source atb
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300 in sealed tubes. Irradiations at 5007°C indicated
that the radiation induced reaction had only a small
temperature coefficient. The irradiation at pile
temperature of guartz bulbs containing CO resulted
in the formation of CO, and a brown solid which
adhered to the walls of the bulb. Wide variations
in the amount of CO2 produced cccurred in the
presence and absence of a graphite sample. Heating
the quartz vessel, after pumping off the excess
gases, produced more €O, and CO with the brown solid
turning black, suggesting that decomposition of the
initially brown polymer was occurring. The results
are identical with earlier studies on the radiolysis
of CO.

The question of whether carbon transport
still occurs in the C0,/C0/C system under irradia-
tion when steady state conditions obtain has been

studicd, in a preliminary manncr only at pregent,
56

by Dominey” . Using 140 in the solid phase he has
shown that radiztion induced transport of carbon

to the gas phaée continues even in static systems
with CO concentrations of about 50%, well above the

steady state value.
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Most of the results obtained from studies
of the radiation induced reaction are capable of a
gualitative interpretation in terms of the compet-
ition between the gas phasc species CO or carbon
suboxides and the solid carbon for the oxidising O
atoms or O5 molecules produced from the irradiated
002° Changes in gas pressure, gas to graphite
ratio and geometrical arrangement would affect the
access of tThese oxidising species to the carbon
surface. Account has algo to be taken of the
reactions occurring within the pores of the carbon
as well as on the geometrical surface, for although
there is considerably less gas in the pores, the
proximity to the carbon of the active species
formed by irradiation makes the pore reaction
important.

Attempts to establish a precise relation-
ship between carbon logs and CO formation have been
restricted by the difficulty of obtaining measur-
able weight losses in small experimental systems
and of making the larger engineering systems
sufficiently leak-tight to achieve a material

balance. The difficulty of distinguishing weight
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loss due to carbon removal from that due to changes
in surface oxide on the specimen is also met with.
A full quantitative treatment of the radiation
induced reaction between OOz,and carbon is made
difficult by the complex character of the transport
of the oxidising species to the carbon and the
nature of.the heterogeneous step once they have
arrived.

Cowen and Lind57 have recently presented
a report on laboratory studies carried out on the
reaction between graphite and G02 activated in a
discharge tube. In these experiments the gas was
maintained at pressures of about 3 m.m. and acti~
vation was by means of an electrodeless discharge
induced from a high frequency generator. Studies
of the emission spectrum of the gas in the dis-
charge were made and the following species were
definitely identified, 002, OO+, O+, ¢ and T while
at a later date positive identification of neutral
atomic oxygen was made. CO and COE were tentatively
identified but no firm conclusions over OE and O2

could be reached, oozone was excluded from the
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search as there was no satisfactory evidence for

an emisgion spectrun from this relatively unstable
molecule. The spectroscopic studies could not
identify the species responsible for the carbon
removal. Experiments in an applied electric field
suggested that they were uncharged which restricted
the choice to onzone or atomic oxygen, the temper-
ature was considered too low for significant attack
by molecular oxygen. The cffect on the graphite
oxidation rate of additives to the gas was studied
and for CO, Gcl4 and CFCl3 significant reductions
in attack occurred. More extensive work on CO
showed that if the addition of the gas was made
beyond the discharge but prior to the gas reaching
the graphite then it was ineffective in reducing
the attack. The application of certain metals, in
particular copper, to the geometric surface of the
graphite caused an appreciable decrease in the
attack by the activated COse. It was found that a
Phosphate treatment of the graphite was ineffective
in reducing the reactivity of the graphite. The
results of this work are strongly paralleled by

studies in-pile, with the exception of the metal
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treaatment. One of the disadvantages of this method
is ignorance of the energy input to the activated
gas, More work is needed in this field before it
is possible to relate the results to in-pile

conditions.

- 50 -



PRELIMINARY EXPERIMENTS AND RESULTS

(A) Bxperiments with a high voltage discharge tube:

l.Apparatus and Procedures The essential feature

of this apparatus was the reaction vessel which was
a high voltage discharge tube through which 002
flowed, this is shown in fig.l. In one set of
experiments the carbon was deposited onto a glass
rod by means of a smoky flame and inserted into

the central column, while in another set the carbon
was in the form of a long thin filament. With the
002 flowing, a high alternating potential

(-~ 2000 volts, 50°/s) was applied by memns of a
transformer between the two aluminium electrodes,
thus causing a discharge in the gas. The resulting
excited and ionised species produced in the 002
were made to flow past the deposit or filament and
observations were made on the effect this had on
the carbon. C02 pressures of between 0.4 and 1.4
m.m. 0f Hg were used, the pressure being given by
a butyl phthalate manometer. The discharge tube

was cooled by means of a number of jets of air,
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2. Results: These experiments showed clearly that
the carbon was being attacked by the products from
the discharge in the 002. The experiments in which
a carbon filament was used revealed that the portion
of the filament actually in the discharge suffered
considerably more attack than parts immediately
outside. In one experiment with a C02 pressure of
0.4 m.m. of Hg. a loss of carbon of 5.5 mgrms was
recorded after an exposure of 60 minutes. The
effect of the attack was most apparent visually
with a carbon deposit supported on a glass rod,
here 1t was observed that at points high up the
central column, i.e.; far removed from the dis-
charge, no attack occurred.

The large number of species capable of being
produced in the discharge made it desirable to
obtain some control over the energy input to the
gas and led to the development of apparatus

enploying thermionic electrons of controlled energy.

(B) Experiments using electrons of controlled

energy:
1. Apparatuss The apparatus in fig.2 represen-

ted the first attempt to use electrons of con-
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trolled energy tc promote a reaction between 002
and carben., The essential features were an
electron emitting thermionic filament surrounded
by a spiral nickel grid which was held at a
pogitive potential with respect to the filament,
The electrodes were attached to stainless steel
rods scldered into glass—to-metal seals which in
turn were soldered into a stainless steel disc.
This disc contained a travezoidal groove near its
edge which contained a neoprene rubber O-ring
supplied by Edwards High Vacuum Ltd. The O-ring
finally rested on a ground glass flange at the

top H»f the reaction vessel.

2. Procedure and Resulis:

(1) Flew_experiments. Preliminary experiments

werec carried out with this system in which CO2 at

a pressure of the order of 5p was allowed to flow
through the reaction vessel. The emitting filament
vias heated to about 9OOOC and zn accelerating
potential of about 40 volts was applied to the
grid. The carbon in these experiments consisted

of a film of soot supported on a small glasgs slide
suspended in the reaction vessel adjacent to the

grid. Under these conditions removal of the carbon
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film was observed, periods of 3 to 5 hours being
needed for a visible effect to be produced. A
gimilar experiment with the filament on but with
no accelerating potential revealed no such attack,
even though the 602 was allowed to flow for a
considerably longer time,

The accelerated electrons were apparently
activating the 602 so as to make it capable of
attacking carbon.

(ii) Static experiments. In view of the slow

rate of removal of the carbon film a further sect of
experiments were undertaken in which a static
charge of CO2 was exposed to electron bombardment
for short periods of time both in the presence and
absence of a carbon film. The resulting gases were
analysed but no direct measurement of any change in
the carbon film was made since the amount of 002
used was too small to produce a measurable weight
loss of carbon.

In these static experiments a measured
pressure of OO2 was established in the reaction
vessel and a known electron current was drawn from

the thermionic filament for a known time with a
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measured positive poter - al applied to the grid.
The final total pressure was recorded, after which
the pressure of non-condensible gas was found by
immersing the appendix on the reaction vessel in
liguid oxygen, the fall in pressure indicating the
final pressure of 602. The duration of the re-
actions was varied from 5 to 300 secs., and
initial CO2 pressures of 40-75u were used, the
applied grid voltage was kept roughly constant at
+ 20 to + 24 volts.

The experiments showed clearly that, as
expected, the 002 was being decomposed when
carbon was present. But they also showed that
the 002 appeared to decompose equally readily in
the absence of carbon.

In the absence of carbon it was thougnt
that an overall reaction likely to occur as a
result of electron bombardment would be:

G0, — CO + % 0,
In some reactions therefore the presence of free
oxygen was investigated by glowing a platinum
filament in the reaction products to cause

recombination of O2 and CO0, with the appendix
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on the reaction vessel immersed in liquid air.
No change in pressure wags in fact observed and it
was concluded that O, was absent. It was therefore
considered likely that in the absence of carbon the
excited 002 was decomposing by reaction with either
the thermionic filament or the mercury vapour
present in the reaction vessel, either process
leading to the removal of atomic oxygen and
formation of CO. The results of work with the new
apparatus, to be described in detail later, made
it clear that the reaction of excited CO, with the
filament was the explanation of the decomposition
of CO, in the absence of carbon. With carbon
present 1t therefore seemed probable that tie
excited CO, could react both with the filament
and/or the carbon. In the absence of an acceler-
ating potential on the grid no reaction of the CO,
with che filament and/or the carbon occurred.

The results also showed that both in the
presence and absence of carbon the percentage
reduction in the amount of 002 present, for a

fixed value of the emission current, did not bear
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a pimple relationship with time but rather tended
to some form of steady state value. The results
of experiments with and without carbon are given
in Table 1. Each row of figures in this table
corresponds to a single Run with a static charge
of 602. The first column gives the initial
pressure of the static chaprge of 602 in the
reaction vessely; +this is followed by the time for
which the 602 is subjected to the electron bombard-
ment. The third column records the average
emission current in the grid -~ filament circuit
during the Run. In the fourth column is the

final total pressure of gas present in the
reaction vessel at the end of the Run, while
column 5 contains the non--condensible gas pressure
(assumed to be CO) with the CO, condensed in the
appendix on the reaction vessel. The difference
between these two pressures gives the final 602
pressure in column 6. The last column contains
the percentage reduction in the amount of CO,
present for a fixed average cmission current of

50 ma.
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Similar experiments were also carried out
in the presence of carbon filaments which could be
heated electrically. A comparisor of the rate and
manner of decomposition of the CO2 when the filament
was at 20°C and when it was heated to 2000°C showed
them not to be substantially different.

Difficulties were encountered in maintainirg
the system vacuum tight and the causs of the
trouble was eventually traced to the O-ring seal.
In spite of re-machining of the groove and attention
to all the recommendations of the suppliers the
device could never be relied on to remain vacuum
tight. This, together with the unknown effect of
the O~ring and the metal disc on the progress of
the reactions occurring in the system, led to the
apparatus being entirely reconstructed. This
reconstruction involved improvements in the prep-
aration and storage of the 002, design of a new
electrode system which both increased the efficiency
of the carbon removal process and widened the
scope of the experiments, provisions for removal

of mercury vapour from the system and the
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replacement of the metal disc and C~ring by a
greased cone and socket arrangement.

The new apparatus in its final form and
the experiments performed with it are described

in the next scction.
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FINAL EXPERIMBENTS AND RESULTS

(4) Experiments usineg clectrons of controlled energy:

1. General description of final apparatusg The

apparatus was constructed of Pyrex glass and consisted
of two sections, a low pressure section in which the
recactions werc carried out and @ section in which the
gas was prepared and stored. A diagrsm indicating
the general lay-~out of the apparatus is reproduced
in Fig. 3.

In the storage section werc two drylng tubes;
4 contained calcium chloride (CaClo) and B megnesium
perchlorate (Mg (ClOM)g). The gas wes introduced via
tap Ty, passed through the fwo drying tubes and the
distilletion section and was stored in the large
bulb D. Beneath D were two small tubes, one of
which contained a small amount of msgnesium ﬁer-
chlorate to keep the gas dry while being stored and
the other served as & liquild air eppendix. 4lso
included in the section was & long narrow tube C
used 1n the distillation of the CO, and a mercury
manometer which enabled a check on the gas pressure
in the section to be made. The different parts of the

storage scction were connected by caplllary tubing.
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The COp was provided from a commercial
cylinders; 1t was fractionated by slternately
freezing 1t oubt in tube C and buldb D using liquid
oxygen and pumping away the top and bottom parts.
This was deone a number of times and the prepared
gas was finally stored in bulb D. The CC was elso
provided from a commercial cylinder; it was dried
by tubes A and B end then stored in the bulb D. When
being uscd the appendix on the bulb D was immersed in

iquid oxygen to retain any condensible impurities
such as CCon.

The low pressurc section consisted of a
lMcleod gauge, a small platinum filament and the
reaction vessels & liguid air trap was slso included
between the lMcleod gauge and the reactilon vessel
co as to enable experiments to be cerried out in
the absence of mercury vapour. The Mcleod gauge was
of the pench-type supplied by Zdwards High Vacuum
and was provided with a gradusted scale capable of
reading the gas pressure directly down to 1 x 10“5
m.m. of Hg. The gsuge was slightly modified by
replacing the fixed resevoir of mercury with a

movable one connected by thick walled rubber
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tubing to the menometers this enabled the lever of
mercury to be more accurately adjusted, Additional
2ir traps were included so as to prevent any air
trapped hetween the mercury and the rubber tubing
from being swept over. To prevent mercury being
accidentally let over into the reaction vessel a
non-return valve was installed just ebove the
Mcleod. The smoll platinum filament was included
in a side arm for use in earlier cxperiments in
which the presence of free oxygen was investigated.
In its final form the reaction vessel 1is
as reproduced in Fig. 4., its dimensions were body
length 25 cns and internal diameter 8 cms., Attached
to the body of the vesscl were a B.45 cone and
socket, the socket contained 5 tungsten leads
which supported the various electrodes used in the
experiments. Beneath the reaction vesscl was a
smdll liquid air apoendix used in the analysis of
the reactlon products. The eleetrodes consisted of
a small anode A1, a larger electrode Ao used for
supporting the carbon deposit and a cathode Cj.

Electrodes 43 and Ap were of metal foil; in a few
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eariler experiments this foll was of tungsten but
owing to the cost and difficulty of working this metal
the majority of the experiments were performed with
aluminium electrodes, the results being the same with
both metals. The cathode Cq consisted of a composite
oxide coated thermionic filament supplied by the
Osram Valve Co., Hammersmith. This filament has as
the base metal nickel of purity 99.9% with small traces
of silicon and magnesium. Onto this base metal is
applied & coating consisting of & mixture of barium,
strontium and calcium carbonates in the proportion
50% BaCO03, %0% 8rCO3 and 10% CaCOy. These carbonates
are then reduced to the corresponding oxides, this is
followed by &an sctivetion process which causes the
reduction of the barium oxide to give an excess of
barium atoms 1in tne surface of the coating, it is
thesc excess barium atoms which provide the electron
emission. Each clectrode was connected by a short
stalnless steel rod through a terminal to the tungsten
lead.

The gas was adnitted from the storage section

into the low pressure section by means of an Edwards
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high vacuum spindle sealed needle valve, type O5IC.
This provided a very fine control over the gas flow
and with a pressure differential of 1 atmosphere a
pressure of as little as 5p could be maintained in
the resction vessel. The valve was connected to the
apparatus by two metal B.14 cones fitted into B.1k
glass sockets with picein wax.

The teps T, and T3 enabled either section to
be purped out independently of the other. Evacuation
of the apparatus was provided by a nmercury vapour
diffusion pump, type 2M3A, backed by a "Speedivac!
rotary high vacuum pump, model 18P30, both supplied
by Edwards High Vacuum. This combination enabled
pressures of less than 1 x 10~ m.m. of Hg. 0 be
obtalned easily prior to the admission of the gas.

A liquid air trep was included between the diffusion
punp and the reaction vessel so that the effect of
mercury vapour backstresming from the diffusion

punp could he minimised.

The presence of adsorhed gases on the walls
of the reaction vessel and the metal parts contained

therein made it necessary to bake out the vessel.
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The heating was provided by means of thermocord connected
to a temperature regulator supplicd by Electrothermal
Bngineering Ltd. The cord was wrapped around the
vessel which was then enclosed in asbestos cloth to
contain the heat. The tenperature, which was recorded
by a thermocouple, was raised to 3OOQ}for about 30
ninutes, the vessel being pumped continuously. Baking
was carried out prior to each experiment. In addition,
after the apparatus had been baked, the two electrodes
471 and Ao vere made positive with respect tc the cathode
and then subjected to electron bombardment for short
periods, currcnts of aboub 500 milli-arps were quickly
established. Thils procedure ensured thet the walls of
the resction vessel, the elcctrodes and the filament
were in the same condition for each experiment prior
to the adnission of the ges.

The filament heating was provided by a small
mains transformer, the potential drop across the ends
of the filament being about 3 volts. The accelerating
notential applied to the electrons was obtained from a
variable resistance connected across a D.C., supply,

whille the current and voltage measurements were
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recorded by AVO-meters, type Mark 8. Vacuum grcases
were provided by Edwards High Vacuuwm. Apilerzon

'N' being used for the tops and apierzon YL? for the
conc and socket connections, both these greases have
vapour pressures of less than 10-6 1 118 Hg. at roon
tempcerature. All the mercury used had becn distilled
three times at low pressure and was guaranteed clean
by the supplier. Before the erection of the apparatus
all the glass-ware was cleaned, first in chromic acid
and then thoroughly washed out with distilled water
andé dried.

The carbon films were prepared by burning
naphthalene in air and depositing the carbon onto thin
metal foil (electrode Ao). The metal foil holding the
carbon deposit was then placed in a tube furnuce and
heated to about 5000C. in a continuous flow of nitrogen,
after which it wes transferred to the reaction vessecl.
The area of the metal foil onbto which the carbon was
deposited was 6 cums x 8.5 cms. and the carbon films
usually weighed about © milli-grams. The weight loss
of carbon was determined by weighing the ﬁetal foil
holding the carbon at the beginning and end of ecach
experiment using a "Nivoc" aperiodic beslence, the
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accuracy of the weilghings being + 0.10 nilli-gms. Care
was taken to adopt the same technique for weighing the
carbon in each experiment, this was considered important
because of the taking up of moisture by the carbon and
possible changes in any surface oxide, thesc being
unknown factors which presumably varied with the time

of exposurec of the carbon to the atwmosphere.

An extensive scries of experiments was
initially carried out with this apparatus using a flow
of CO0y,; while later cxperiments with ststic charges of
gas involved the exposure to electron bombardment of
COpy CO and COp/CO mixturess sone experiments were
also performed with & flow of CO. The details cf these
experinents together with the results and interpretations

are described in the next chapters.

2. Plow experiments with COo.

(1) Weight loss of carhons: A series of experiments was

carried out in the presence of cerbon with a continuous
flow of COp passing through the reaction vessel at
pressures of the order of 60 - 70u and 20u. The .
filarmcnt was hested to about 900°C. and with the

anode 47 held 25 volts positive with respect to the
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cathode a discharge was produced in the C0,. The
experiments were performed with the second and larger
ciectrode A,, upon which the carbon was deposited, in
one of the following three conditionsi-
(a) at & positive potentisl of 25 volts with respect
to the cathode.
(b) at the came potential as the cathode.
(¢) nerely éuspended in the reaction vesscl and
therefore insulated from the other electrodes.
The glectrical circults corresponding to these
three conditions are illustrated in Figs. 5(a) (b) and
(¢). The purpose of thcse experiments was to determine
whether the active species produced in the COo hy the
accelerated electrons and which attacked the carbon
were neutral, or positive or negstive ilons.
A typical run will now be described in Jetail.
The COp was first introduced into the reaction vessel
and by adjusting the needle valve the required flow
pressure was achleved. The electron accelerating
potential of 25 volts was appliecd between the cathode
and the anode Al with the corbon on the electrode Ao
in one of the three conditions specified. The filament

was then switched on and the stop-~clock started. During
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the time the filement was on readings were taken at
suitable intervals of the electron cmission current

to 41, with the carbon in condition (a) the current

to 4o was also recorded. Readings werc also taken

of the maxinum accelereting potential being applied to
the electrons, while appropriate checks were made with
the Mcleod to ensure that the CO, pressure remained
appreciably constant. The 002 under clectron
bormbardmcent was allowed to flow for times ranging fron
10 to 150 minutes; at the end of & run the CO, supply
was closed and with the reaction vesscl evacuated
readings of the¢ emission current continued to be taken
for a further 2 or 3 ninutes. A4Any weight loss c¢f carbon
ocecurring was deternined by weilghing the electrode A2
containing the deposit at the beginning and end of

the run. The appearance of the discharge produced in
the COp calls for comment, It took the form of a light
blue glow which was most intense in the region between
the cathode and the electrodes., It was not possible

to tell if the glow was actually on the carbon surface
but it was often very clos¢ to it. The visible blue
glow corresponds to @ wavelength of about 5000 % or

about 2.5 eV, it is to be noted that 2 low lying
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excited state of atomic oxygen occurs at about 2 volts
and suggests thot part of the blue glow observed is
due to excited oxygen atons.

The effect of having the carbon in the three
different conditions specified in the reaction vessel
is illustrated in Tables 2 and 3 and in the graphs shown
in Fig, 6(a) (b) and (¢). These graphs are of the
neasured welght loss of carbon (nilli-grarns) plotted
against the corresponding total nunber of milli-anmp.
minutes recorded during the experiment. The significance
of the total milli-anp. ninutes is that it represents
the total number of electrons available for impact
with the COp during the experiment, although not all
the electrons emanate from the filament, as some nay
be produced by ionization of the COp. The alnmost
complete lack of data for the distribution of energy
of e¢lectrons in an electric ficld in a gas mekes it
impossible to estimete the most probable electron
energy, it can only be said thet the electrons will
possess energics not exceeding 25 volts, Hence a
comparison of the weight loss of carbon for a given
number»of milli-anp. ninutes.under the three conditions

outlined ahove is intended to indicate whether the
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active specles produced in the CO, by electrons in the
encrgy range 0 = 25 volts and which attack the carbon
are neutral, or charged positively or negatively.
Assuning that if the active species are
electrically charged, they are all of the same sign,
then the result of case (a), in which the carbon is at
a positive potential with respect to the filament would
indicate that pcsitive ions are not responsible for the
attack, sincc they would be repelled by the potential
on the carbon. This result in itself provides strong
cvidence for supposing that the active species are in
fact neutral, since it is known that the processes
involving the formation of ncgative ions in COp, the
other alternetive, have a very low probability. However,
the possibility does exist that the active species are
ncgative ions, to test this the carbon in case (b) was
held at the same potentizl as the filament and so
received no clectron curfent. The electron accelerating
potential is being applied bstween the filesment and the
small anode A1, the active species will hence be formed
in the region between the filanent and Ay, If, &s
appears possible fron the results of casc (a), the
active specics are negatively charged they will be
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repelled oy the carbon and attracted to the anode Aq
on which trhey would be neutralised and this, 1t is
belicved, would cause a reduction in the attack upon
the carbon. The results of case (b) show no such
recduction and suggest that thc species are not
negatively charged. Further evidence for the specles
not being negatively charged is provided by the
result of case (¢) in which the carbon is suspended
in the reaction vessel and so insulated from the
other electrodes. The formation of the active species
here 1s sumilar to that in cese (b)s however in this
case if negatively chérged speclies are responsible
for the atteck and could furthermore reach the carbon,
then the carbon would acquire a negative charge which
would prevens the arrival of the similerly charged
active speciles, a cessation in the attack should
quickly occur. However the results of casc (¢) show
nc such cessation occurring and egain suggest that the
active specics are not ncgatively charged.,

The results obtained with the carbon in the
three conditlons specified strongly suggests there-
fore that the speciles causing the principal attack

on the carbon arc not electrically charged. The
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possibility that the active species produced by the
impact of the ¢lectrons with the CCp may possess sone
kinetic energy 1is not considecred to affect the results,
since this kinetic energy would, if present, be very
smalla

The identity of the active species cannot be
considered fully established by the present results but
the general considerations suggest that atomic oxygen 1is
responsible by virtuc of the ease with which it could be
produced in the COs and the fact that the species has
been shown to be neutral.

Assuming that the primary electron collisions
occur with the COp only, the most likely steps in

primary cxcitation (without ionization) are believed

to bes-

COS @ CO + O 5.5 volts required
COpumearnng —rse (1)

CO£§~$ co + 0% ninimnun of 7.5 volts

requiredgthe rcaction with the carbon occurring ass

¢+ 0®) 5 co e (2)
Although the active species has been shown to

be neutral the formation of positive ilons as an
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intermediate process is possible. The positive ion
formation is believed most likely to occur via the
direct ionizetion of the COp vizs

CO, + e~—ﬁ-COE + 2e -———(3) 13.7 volts required.,
The fate of the COE ion is difficult to predict, since,
at these relatively low pressures (60 - 70p and 20u),
electron-ion homogeneous recombination leading to
dissociation appears rather unlikely. Such a
recuvnbination process would however lead, in a similar
manner to reaction (1), to the formation of carbon
nonoxide and neutral or excited atomic oxygen viz;

(CoO + 0
+ ( :
CO3 + & — ( e (1)
ECO + 0%

This process, if occurring, would help to expléin the
results of the studies on the effect that electrical
clearing fields on the carbon has on the subsequent
reaction with excited CO,. It is feclt that the Tate
of the COE ion is partly decided by the geometry of
the systen; since at low pressures recombination
processes are very dependent on the presence of a

third body.
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Dissociative ilonization processcs leading to the
formation of C*, 0% etc. nust be less likely to occur
pecausc of the higher energics required (320 volts);
while negative ilon formstion must, becasuse of the low
pressures and naturc of the process, have an extrenely
low probability.

4 further primary process occurring at energics
of about 16.5 volts is the complete dlssocilation of the
CO, molecule into C + 0 + Q. The relative importance
of this process upon the rcactions occurring with the
carbon is at present unknowng however within the electron
cnergy range being uscd this process will most likely
have a lower probability of occurring than reaction (1).

4 comparison of the results at 60 - 77u and
20u i.e. at a pressurc ratio of about 3:1, shows that
the welght losses ére not in the ratio of 3:1 but are
nearer 2:1. This may be interpreted as indicating that
at 20p the distribution of electron energics is such
as to provide more electrons with encrgies capable of
inducing o reaction between COp and carbon; this would
also include the reaction COo-»C + O + O becoming of
riore importancc.

It is seen from the graphs reproduced in Fig.
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6 (a) (b) and (c) that the caerbon weight losses increase
1inearlj with total milli~-anp. nminutes. Since a flow

of CO, is being used there should be, after an initial
period, no furthcr build-up of reaction products to
interfore with the trensport of the active specles to
the carbon. 4 stcady condition should be reached
whereby a constant fraction of the active species
produced will react with the carbon, the remeinder

being lost by other means; the linearity should there-
fore not be unexpected. any scatter observed in the
results is considered to bec due to variations in the
clectrode geometry and CO, pressure and also unavoidable
discrepancies in the weighing technique.

(ii) Protective effect of carbon upon an oxide coated
cathodes

i further set of experiments was carried out with the
carbon omitted from the system. The conditions were
identical to those in the experinents in which the
carbon was prcsent and which have been described in the
previous part (i). CO, flow pressurcs of 60 - 70p and
20p were uscd and the anode 4y was 25 volts positive
with respeet to the cathode. The other electrode dp,

which was now bare, was as before in onc of the
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following three conditionssw~

(a) at a positive potential of 25 volts with respect
to the cathode,

(b) at the samé potential as the cathode.

(c¢) suspended in the reaction vessel and therefore
insulated from the other electrodes.

The procedure adopted was identical to that
used for the experiments described in part (i). The
COo flow pressure was first established in the reaction
vessel; the accelerating potential was then applied
between the anode Aq and the cathode, and with the
other electrode A2 in one of the conditions specified
the filament was switched on and the stop-clock started.
Readings were then taken at suitable intervals of the
emission current to A4 (and to A, when in condiiion
(2) ). At the end of a run, and with the reaction
vessel evacuated, readings of the emission current
continued to be taken for a further 2 or 3 minutes.

It was quickly discovered that the presence
or absence of carbon had az marked effect upon the
emission current from an oxide coated cathode., The
effect is best illusfrated by a comparison of the

graphs of electron emission current versus time
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taken in the presence and abscnce of carbon. Typical
graphs are shown in Figs. 7, 8 and 9 for COo, pressures
of about 60 - 70u and in Figs. 10 and 11 for GO»
pressures of about 20u. The protective effect due

to the presence of the carbon is clearly indicated fron
the graphs by the marked difference in the bechaviour of
the enission current with and without carbon. In all
cases the average level of emission obtained in the
absence of carbon is considerably lower than that
obtained with carbon. In many cases the initial currents
observed with and without carbon were of the same order,
but in the absence of carbon there quickly followed a
rapid decay to currents of the order of 20 ma. and

less, whereas with cerbon present the final current

was often of the order of 100 ma.

The result of case (¢), in which en insulated
carbon deposit 1s in the reaction vessel, indicates
that the protective effect 1s due only to the presence
of the carbon and not duc to a change in the current
recelving surfacc¢ as could be concluded sinply fron
the result of case (a).

Many other similar experiments were carried
out and the results of these are included in Tables
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2 and 3 for 002 pressure of 60 - 70p and 20u
respectively. These tables enable a conmparison to

be mede between the average emlssion current in milli-
amps obtained in the prescnce and absence of carbon
for experinents of varying duretion. The protective
effect provided by the carbon is clearly apparent and
by conparing the ratios of the average emission current
for experiments of the same duration with and without
carbon 1t can be seen that the factor of protection

is of the same order for all thrce condifions exanined,
Further graphs representing crniission current versus tine
in the prescence and absence of carbon under the
conditions spccified are reproduccd in Figs. 26 to 34
incl., for COp pressures of 60 - 70u and in Figs. 35
to 38 incl., for COp pressures of aboubt 20w, these

arc contained in the Appendix.

All the results quoted involved the use of
aluninium foll for the electrodes 4y and Lo which
restricted the pre~hecating of the carbon films to
tenperatures of sbout SOOQE however some carly work
on the protective effect of carbon upon an oxide

coated cathode was carried out using tungsten foil
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which enabled pre-heating of the carbon to be carried
out at temperatures of about 1000°C, The results of
chese cxperinents showed the protection to be identical
with the subscquent experiments using aluminium. Graphs
represcnting the emission current versus time in the
prescnce and absence of carbon using tungsten foil
are reproduced in Figs, 12, 13 and 14,

The interpretation of this protective effect
is that the accelerated electrons are producing in the
CO, active specics capable of attacking both the carbon
and the filament. With carbon in the reaction vessel
there 1is a consequent reduction in the attack upon the
filament duc to the removal by the carbon of a large
frection of the active species. dssuming that sinilar
collision processes arc occurring in the CO, in the
presence and absence of carbon and that the probability
of acconmodation on the bare metal foil (in the ebsence
of carbon) is the sane as on carbon, it would appear
from the results thet the active species are de~activated
by rceaction with the carbon but not with the bare netel
foil. Hence in the absence of carbon a higher

proportion of active spccles are available for attack
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upon the fillament.

It was found that the level of emission wés
usually higher for casc (&) in which the carbon (or
bare metal foil) was held at a positive potential with
respect to the cathode. This, it is believed, may be
due in part to the position of the carbon in relation
to the region in which the active species are fornmed.
Since in case (a) the carbon is acting as an anode it
will Dbe receilving a major portion of the electron
current and hence most of the active spceies will be
Tormed adjaccnt to the carbon and have a greater chance
of collision with it followed by de-activation., In
cases (b) and (c), however, the formation of the active
specles occurs betwéen the filament and the small
metal anode Ay and in order to reach the carbon these
species will have to by-pass the filament, thus the
chance of a collislon with the filament is increased.

The recovery of the emission ohserved by
heating the filament in yecuo suggests the following
sequence of cvents: reaction of the excited COp
with the filament resulting in the formation of RaO

due to oxygen conbining with the metallic barium
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which is present in the surfacc of the filament and
which is belicved to be responsible for thc electron
cniission. ©Subsequent heating in vacvo rcsults in a
rcduction of the BaO by the substrete netel (which
in this case is nickel together with smsll traces

of silicon and magnesium), with rcgeneration of
bariwi netal and recovery of the emission,

Wegener in his book "The Oxide Cooted Cathode"
quotes the results of Hermann & Krieg's work on the
influcnce of geses and vapours on the enilssion
from an oxide coated cathode (Ann, Phys. 4, 441
(1949) ). Their results for CO, are similar to those
obtained in the present work, although the conditions
were soncwnat different. They found alsc that the
poisoning effect of the loniscd ges wss no greater
than thet of the corresponding molecule.

It 1s of special interest that rcection of
the active specics with the carbon in the cold appears
to oceccur nore readi”y then with the metallic bariunm
on thc surfacc of the filament at 1000°C.

Thesc obscrvations explain the facts observed

in the prelimninary stetic cxperiments, where €O,
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was decomposed both in the presence and absence of
carbon. In the ahscncec cf carbon the decomposition
products CO + O arc prcvented from recombining by
the subsecqucnt reaction of the ozygen with the
filenent.

(iii) Effect of mercury vapour:

The expcerimcnts described above werc performed in
the prescnce of mercury vapour which at roon
tempereturc has a vapour pressure of thc order of
l.5u. The effeet of its removal from the gas phase
on the carbon weight loss was studicd.

The ncrcury vapour was removed using
petrolcun cther-cerdice cold traps between the
Mclcod znd the rcaction vesscl, and the reaction
vesscl and the diffusion pump. The temperature of
such a trap is about -80% at which the vapour
pressurce of mercury is about 3 x 10'6u° However
the prescnce of a nmercury manonctcr in the upstrean
section ncans thet somc mercury vapour will be
swept through the ncedle valve with the COp. It
appears likcly thoet the e¢ffective reduction in the
concentration of the ncrcury vapour was by a factor
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of about 103 or lO)+° The experiments werce carried
cut with the carbon film, supported on clectrode Lo,
at the same positive potential of 25 volts with
respeet to thc cathode as clectrede Al, and with

COo pressures of 60 - 70u and 20p. The procedure
adopted was identical to that used in the cxperiments
dcscribed in part (i).

The role of excited mercury atoms as
actiwators for many chemical reactions is well
known. It appearcd possible that the nercury atoms
could produce active spccics by absorbing energy
end transferring it te the CO, or would remove
active spceciecs by acting as a "sink" for the oxygen
atons.

The effect of mercury vépour was investigated
by conparing wcight losses of carbon for a given
nunber of milli-anmp. minutcs in the prescnce aad
absence of nercury vapour.

The results obtained with nercury vapour
absert from the reaction vecssel are given in Table.
Y.: while & comnparison of these rcsults with those
obtaincd in the prescncce of mercury vapour is
provided by the graphs reproduced in Fig. 6 (a).
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which is of carbon weight loss versus nmilli-anp.
ninutes at COs pressurcs of 60 -~ 70p and 20p in
the presence and absence of mercury vapour.

It can be seen that the mercury vapour plsys
an unimportant role in the reactions occurring in
the COp in the present system. The graphs show
that the weight losses are independent of the
presence or afysence of nercury vapour, bcing of the
sane order in both cz2scs. Evidence for the
ineffectual role cof nercury atomns in the COp/carbon
reaction is further provided by the bchaviour of the
cnission current with time. Typical graphs of
enission current versus time obtained when rnercury
vapour is absent are reproduccd in Figs. 15 and 16
for COo pressures of 60 - 70p and Figs. 17 and 18
for pressures of 20u. These clearly show that the
enission current follows the same pattern of
bchaviour as when nercury is present and suggcsts,
by analogy with the effect noticed when carbon was
absent, that mercury is unimportant in thc present
systenm.

(iv) Effect of electron bombardment:

The c¢ffecet of prolonged electren bombardment upon
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the carbon in the absence of CO2 was studied by
carrying out experincnts under vacuun with the carbon
film held 25 volts positive with respecet to the
cathode. It was found that no weight loss of carbon
occurred cven after & 30 nminute cxposure resulting
in the preduction of alnest 13000 milli-amp. minutes.
any carbon welght loss observed in the prescence of
COp was evidently due only tc an attack by active
species produced in the COo by the accelerated
electrens. It was also found that if the carbon
deposit which had been bombarded with electrons under
vacuun was then cxposed to COp in the prescnce of
accelcrated clectrons, the resulting weight loss

was of the same order of megnitude as that observed
-when using @ fresh carbon deposit, other conditions
being constant. The surfacc of the carbon film was
apparcently unaffected by thc electron bombardnent;
the cffect may however be soncwhat diffcerent using
clectrons of considerably higher cnergy, due to the
heating of the carbon for cxenplc.

(v) Lxperinents with 15 volt clectronss

It has been observed that the effecet on the enmission

frem an oxide coated cathode of a flow of COp exposed
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to electrons possessing energies not exceeding 25
volts depends on the presence or absence of carbon.
This may provide a means of studying the radiation
induced reaction between 002 and carbon under
conditions where measurements of a weight loss of
ecarbon and/om gas analysis of the reaction products
could not be used,

Experiments have therefore been carried out
in the prescnce and absence of carbon with a flow of
002 at pressures of 60 - 70y exposed to electrons
possessing chnergies not exceeding 15 volts. The
electrode A; and the carbon (or bare metal foil)
were held 15 volts positive with respect to the
cathode, The procedure was as before, with the CO2
flowing the filament was switched on and the stup-
clock started. Readings of the cmission current to
the two anodes were taken at suitable intervals.
Losses in weight of carbon under these conditions
were too small to measure because of the low emigsion
currcnts obtained at this electron potential.

The results of these experiments are given
in Table. 5 it can be seen that the average emission
current obtained in the presence of carbon was in all

cases greater than that obtained when carbon was absent,
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other conditions being constant. The difference is
perhaps best illustrated by the graphs shown in Fig.
19 which represcents the best lines drawn through the
pocints representing the total number of ﬁilli—amp.
ninutes versus tinc of experiment obtained in the
prescnce and obsence of carbon. The maxinun nunber

of milli-amp. minutes obtained with caerbon is seen

to be about 800 while without carbon it is only about
150, thesc valucs being reached after about 60 minutes
in both cases. It was often found that in the presence
of carbeon the initial currcnt was of the order of 20
ne., with a subsequent decay to about 7 ma. Whereas
without carbon initial currcnts were usually no
higher than abhout 10 ma., followed by a decay to
currcats of the order of 1 or 2 na. ‘

It is suggested that the intcrpretation of
the effcet at 25 volts can again be uscd to explain
the present observations,; namely thet the carbon is
renoving active spccies produced in the 002 by the
accclerated clectrons which would otherwilse react
with the filament. The prescence or absence cf
carbon deternines thc sxtent of the reaction with

the filanent and hence the enission current received.
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It is belleved that the usce of c¢lectrons
pesscssing cnergics not excecding 15 volts rceduces
the primary proccsses occurring in the COo to
dissociation into CO + 0 which cccurs at a nininun
cnergy of 5.5 volts. The sinple ionization of CO»
is thought not to occur sincce it is known that the
probahility of ilonization is zero at the lonization
pctential and the mexinum energy the clectrons arc
capable of pessessing (<115 volts) nust certainly
be very closc to, if not less than, the lconization
potential of CO, (13.7 volts).

The e¢ffect obscrved on the cmission current
due to the presencce or abscncc of carbon &nd the
cvidence of processces capable of occurring in the
CO» under thesc conditions strongly suggests that
atonic oxygen is the primory radiolysis product
responsible for the atteck upcn the carbon., Rzlating
this to the in-pile conditions is dealt with in the
SULNATY .

3. Btatic experiments with CO- and CO.

(1) Procedure: In this serics, experiments were

pecrformed wherein static charges of pure COs, pure
CO end a CO0p/CO nixturc were exposed to electron
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bouwbardment fcr mceasured periods of time. The two
electrodes Ay and A, were voth held at a positive
potential of 25 volts with respect to the cathode.
With the discharge on, readings of the electron
emigsion current were recorded at suitable intervals
and resulting changes in gas composition were
measured. Upon completion of experiments with a
particular gas a careful examination of electrodes
and leads was made in order to see 1if any carbon
deposition had occurred, this was of particular
intocrest in experiments in which a high percentage
of CO was present,

V/ith one exception all the experiments with
static charges of pure 002 were carried out in the presence
of & carbon film, Initial CO2 pressures of 60 = 90u
were used while times of exposure to electron bombardment
ranged from 5 to 7200 secs, Afiter the discharge was
switched off the final total pressure was recorded,
after which the pressure of non-condensible gas was
found by immersing the appendix on the reaction vessel
in liquid air, the fall in pressure indicating the final
pressure of CO,.

Experiments with static charges of pure CO

were perflormed both with and without carbon. Initial
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CO pressures from 60 -~ 125u were used with times of
exposure from 15 to 3600 secs. The final total
pressure and final CO pressure were measured as
described above, in this case the difference between
the two pressures indicated the amount of COp
produced from the fadiolysis of the CO., Some
additional experiments were carried out in which
the COo was removed immediétely upon production by
having the appendixon the reaction vessel immersed
in liguid air throughout the exposure, It was of
interest here to see how the decomposition of the
CO was affected by the absence of the 002.

The final static experiments involved
cxposurc to clectron bombardment of a mixture of
60% COp and H40% CO in the presence of carbon., Initial
C05/CO pressures of 60 - 80u were used with times of
exposure from 5 to 3600 secs. Gas composition changes
were measured by noting the final total pressure and
the pressure with COp frozen out, the fall in
pressure indicating the final COs pressure.

(ii) Results with pure CO-: The experiments with

statlic charges of pure CO, showed, as in the carlier
preliminary c¢xperiments, that COo was being decomposed
- 11% -



both in thc prescnec and abscnce of carbon. However
it was also observed that with carbon absent the
emission current was considerably lower then when
carbon was present. It was appercnt that a
similer effect wes occurring as in the COp flow
cxperiments, namely that the carbon was removing

2 considerable fraction of the active species
produced in the COo, by the accelerated electrons
and which in the absence of carbon would attack
the filament and so inhibit the emission., It is
suggested thercfore that the results o experiments
employing a static charge of COp in the presence
of carbon refer to events occurring in the COp-~
cerbon system, the effect of the filement being

of secondary importance.

The results of the experiments using
static charges of COp with @ cerbon film present
are given in Tables. 6, 8, 9 and 10 while those
obtained without cerbon are given in Table. 7.

In the tables of results with carbon use in
agein made of the totel number of milli-amp.
minutes recorded during the exposure of the

static charge of gas. The results showed that
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the decomposition of the CO, rapidly attalned some
steady state condition. Expressed in terms of the %
of CO formed as measured in the final gasesous mixture
versus the corresponding total number of milli~-amp.
minutes it was found thet from 0 to about 100 milli-
emp. minutes the % of CO formed increased approximately
linearly, while over the range from 100 to 1000 the %
of CO gradually approached a steady value which was
then maintained up to the highest number of milli-anmp.
minutes recorded, slmost 25,000. The results are
perhaps best illustrated by the graphs shown in figs.
20, 21, 22 and 23 which correspond to the results
shown in Tables 8, 9, 10 and 6 respectively, the
data concerning experiments with CO and COZ/CO
mixturecs shown in these graphs will be discussed
later. The graphs show clearly thet the % of CO
formed as referred to the final products of the
irradisation of the static charges of CO» With
electrons quickly attains a steady state valtie of
about 80%. A&n examinotion of the carbon film at the
end of each ccmplete run showed clearly that removal
of carbon was occurring. There were also clear

indications from the appearance of the carbon film
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cnd the other clectrode and leads that deposition of

a carbon~like solid was also taking place, due

presumably to a reverse reaction involving CO as

suggested by the steady state condition observed.

This substance was very black and can be compared

with the observations of earlier workers in this field

on the radiolysis of CO, which, as described, was found

in quite high concentrations in the present experiments.
It has been suggested that in the presence

of carbon the results cbtained under static conditions

refer to the COp-carbon reaction, while in the absence

of carbon the results are explained in terms of a

reaction of the activiated CO, with the filament.

Accepting this to be true it would be expected that

in the presence of carbon the total yield of carbon

in the gas phase should be greater than in the

absence of carbon. A comparison of the results

obtaincd with and without carbon provides evidence

that this is so, although the differencc is not as

greazt as would be expected.

(ii1) Results with pure CO: The results of the

experiments with stetic charges of CO with and with-

out carbon are given in Tables 11 and 12 (a) while

- 120 -



the corresponding graphs representing the ¢ of CO
remaining as measured in the finel gaseous mixture
versus the corresponding total number of milli-amp.
rinutes are shown in Figs. 20 and 21, It was found,

in & similar manner to the COp runs,; that between O
and about 1000 milli-amp. minutes the % of CO remaining
dcereased gradually to a steady value which was main-
talned up to values as high as 20,000 milli~amp.
ninutes. The graphs reveal clearly that the steady
value obtained for the ¢ of CO remaining in the finzl
product after sterting with pure CO virtually coincides
with the steady value obtained for the £ of CO formed
as referred to the final product after starting with
pure CO»n, namely sbout 30%. The graphs shown in

F'ig. 20 also include the results of the ¢xperimcnts

in which the CO, formed from the radiolysis, of the
CO was removed lmmediately upon production (Table. 12
(b) ). It can be seen that in this case the destruct-
lon of the CO very quickly goes to near-completions
within about 1000 nilli-amp. minutes there is
practically no CO remeining. Deposits of & carbon-
like solld, similar in appearance to that occurring

in the COp experiments, woere¢ found upon examination of
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electrodes and leads st the end of a complete run.

(iv) Regults with C0o/CO mixtures: The results of

the cxperiments involving the exposure to accelerated
clectrons of static mixtures of 60% COo and 40% CO

are given in Tables 13 and 1%. The corresponding
graphs of % of CO formecd as measured in the final
gasecous mixture versus the corresponding total number
of milli-amp. minutes are reproduced in Figs. 22 and
235 1ncluded with these graphs are the results of
experiments with pure COp (Tobles. 10 and 6 respectively).
It was found by using COo/CO miztures that the % of CO
formed attained a stcady valuc of about 80% after
about 100 nilli-amp. minutes as compared with the
figure of about 1000 required when pure CO, was used,
this effect is clearly shown in the graphs. This
steady value was mailntained for values as high ac
20,000 milli-anp. minutes. It was again observed

that deposition of a carbon-like solid occurred.

(v) Comment: The results obbtained using pure CO2, pure
CO and CO0o/CO mixtures indicate that some form of
steady state 1s being attained whereby the formation
of CO by the decomposition of CO, and subsequent

reaction with carbon 1s balanced by a reverse reaction
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involving CO to - reform COo, and cause deposition of
carbon.

If it is assumed that this radiation - induced
steady state condition, observed when starting either
with pure CO, or pure CO, can be expressed by the
chemical equation:

CCp + C g=222C0 ——1
then the ratio of anp, , the emount of CO produced (or
destroyed),; to &2pgo,s the amount of CO, destroyed (or

produced) should equal 2.

Le€Ca /:: Peo

= 2, 1f equation 1. represents
adequately reactions occurring in the system.
However, 1t is found that the experiments
beginning with pure CO» yield values for this ratio
always less than 2 with many values lying between 0.8
and 1l.4%. Whereas the experiments beginning with pure
CO yield values always greater than 2, the majority
being'about 4, A possible explanation for this is
that more of the initial gas present (i.e. CO, or
CO) is being lost than can be accounted for; however
in spite of this the relative pressures of 002 and
CO adjust themselves to yield the same steady state

value for the % of CO formed (or remaining) in both
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cases. The observed removal from the gas phase of one
of the radiolysis products to form a carbon-like deposit
capable of adsorbing gas may account for the apparent

Eal

loss of gas. However losses of gas will probably

also be occurring by the well known clean-up phenomena
always observed in low pressure hot cathode discharge
devices. It is to be ncted that the rate of attack
upon the carbon in the COo-flow experiments is rather
less than, but of the same order of magnitude as the
initial rate of CO, destruction in the CO,-static
experiments. the initial COp pressures being of the
same order 1in becth cases.

The results of the experiments with CO0,/CO
mixtures, namely that the steady state condition is
arrived at more quickly than with pure COo, would be
expected if a purely chemical equilibrium was belig
considered. However, in view of thc peculiarities
noted in the ratio of £3 Pco to £)Pco, for-the experiments
with pure CO, and CO 1t 1s perhaps interesting that
the COZ/CO system hehaves as 1t does.,

Any attempt to analyse the processeé occurring
in the present static system necesssrily involves a

knowledge of the amount of energy absorbed by the CO»
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and the CO. This will depend upon the distribution of
the energy of the electrons in the two gases which is
not accurately known. However it is felt that the fact
that dissoclation of the COp molecule requires a
minimum energy of 5.5 volts whereas for CO the
dissoclatlon energy lies somewhere between 9 and 11
volts is important in determining the relative amounts
of energy absorbed by the two gases.

In this connection it is perhaps interesting
to record the results of some experiments by Sun and
Weisslerd, They measured the absorption cross-~section
(x7) of COo and CO in the vacuum ultra-violet under the
same pressure conditions (10 - 40w of Hg.). The
wavelength region studied was 1306 £ - 374 & which
corresponds tolan electron voltage range of 9.5 - 33
volts, and is thus of special interest. The results

of their experiments are given below,

Carbon Dioxide Carbon Monoxidg
Yavelength (4 ) Averagovi{mb) Yevelength (A) Average o-(nb)
1306 1.6 1306 - 955.3 0

1243.3 - 1183.0 0 923.2 23
1127.8 96 923.0 35
991.5 47 916 48
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955.3% 74 9045 - 799.7 14 - 19

923%.3 117 7967 46
922.5 113% 790,1 - 554.5 16 - 25
915.9 76 except 763.3 29
799.9 28
765.1 75

67%.8 ~ 373.8 30 - 40

The significance of these results lies in the fact that
the rules governing the absorption of light by molecules,
namely the Franck-Cordon principle, holds for electron
impacts.

4. PFlow experiments with CO

(i) A series of experiments was carried out with a
continaous flow of CO pagssing lthrough the reaction
vessel at pressures of the order of 60 - 80p. The
electrodes Al and A2 were both held 25 volts positive
with respect to the cathode, experiments being performed
both in the presence and absence of carbon., The
procedure adopted was similar to that in the correspon-
ding 002 experiments. The CO flow pressure was first
established in the reaction vessel; the accelerating
potential was then applied, the filament was switched

on and the stop-clock started., Readings of the emission
current were taken at suitable intervals. The weight

of the carbon deposit was determined at the beginning
~ 126 -



and end of each experiment %o determine the extent of
any carbon transport.
Resultss The results of the experiments described above
are given in Table. 15. It was found that the emission
current was unaffected by the presesnce or absence of
carbon. It appeared likely that if atomic oxygen was
being formed by the simple dissociation of the CO
molecule and was combining with the filament its
return to the gas phase, due to combination with CO,
was so rapid as to leave the emission unaffected; this
would be more than likely in view of the high con-
centration of CO present which is a strong reducing
agent. The emission currents recorded were high, being
about twice the maximum cufrent observed when using a
flow of COp with carbon present. It was almost as if
the presence of the CO was enhancing the emission.
however it seems more likely that the exposure of the
filament to COp causes an instantaneous poisoning
effect which is only prevented from going to completion
by the prcsence of the carbon.

The result of weighing the carbon deposit
revealed that deposition of a carbon like-sSubstance was
occurring. The graph representing the net weight
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increase of the carbon depocit versus the corre-ponding
total number of milli-amp. minutes is reproduced in Fig.
24. The apparently linear relationship is similar to
that observed in the 602 fiow experiments. However
whereas in those experiments, where a weight loss of
carbon was being measured, it was found that the
production of about 9000 milli-amp. minutes was sufficient
to cause a loss of abbut 3 mgms, of carbon, a similar
figure for the present experiments is found to caume a
deposition of only about 0.5 mgms., Allowing for the
fact that deposition is occurring on other surfaces,
although it is felt that this is quite slight, the
difference is significant. Assuming that the deposit
observed was carbon it was found that the rate of
production of this substance in these CO flow experi-
ments was of the same order of magnitude as the
initial rate of destruction of CO in the static
experiments.

(i1) Purther experiments without carbon using the same
conditions as above were performed wherein CO was
allowed to flow through the system for short intervals
of time with the appendix on the reaction vessel
‘immersed in liquid air. The purpose of this was to

remove immediately any CO2 produced from the radiolysis
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of the CO, At the end of each intervasl the system

was pumped out, closed off from the pumps and the

liguid air removed, the amount of CO, produced was

then measured. As always with the CO flowing readings
of the emission current were taken at suiltable intervals.
These experiments were carried out using the same
filament and electrodes. At the end of the complete

set of experiments the electrodes were re-weighed to
determine the extent of any deposition process and the
results compared with the total amount of CO» produced.

Results: The results of the experiments just

s

described are given in Table. lo, while they are
-represented graphically in Fig. 25. This graph is
of the CO, pressure produced from the CO irradiation
versus the corresponding total number of milli-amp.
minutes recorded. It can be seen that the COp
produced increasess as expected, linearly with the
number of milli-amp. minutes. The yield of CO»

was found to be qulite large in these experiments,
being about 1lp of CO» produced per 8 milli-amp.
minutes recorded. The overall effect being similar
to that observed in the corresponding static CO

experiments.
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It was agaln observed that deposition of a
carbon-like solid was occurring. Re=-weighing the
glectrodes A7 and Ap at the end of the experiment
enzbled the weight of the major pert of this deposit
to be estimated. By assuming that the deposit was
carbon it was found that the total number of atoms
in the deposit was of the same order of magnitude as
the total number of COp molecules produced, in
accordance with the equation:

2 CO—>C02 +C

In this connection it is to be noted that the
rate of production of CO, in these CO flow experiments
was rather less than, but of the same order as the
initial rate of destruction of CO in the static CO
experiments in which the CO» produced was removed

immediately.
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GSITERAL SUMMARY

1. Besults
Experiments have been performed in the presence of cerbon
in which & flow of COp &t pressures of 60 - 70u and 20u
has been exposed for verying lengths of time to acceler-
ated electrons possessing energies not exceeding 25 volts.
It has been observed that removal of carvon 1is occurringg
the actual weight loss of carbon increasing linearly with
time, other conditions being constent. The weight loss
of carbon is also epnarently independent of its electric-
2l condition in the system. It has therefore been
concluded that active species produced in the COo by the
accelerated electrons end which cre asSumed to be
responsible for the attack upon the carbon are not
electrically cherged. An enslysis of the processes
capable of occurring in the CO, suggests that the active
species are oxygen atoms.

Similer experiments to those described above

have been carried out in the absence of carbon., 4
compeérison of the beheviour of the emission current
with time in the presence and sbsence of corbon has

revealed that the csrbon is epvarently exerting 2



protective effect upon the emissicn from the oxide
coated cethode, the protcetion being by a factor of
about 5. This protection is believed to he due to the
removal by the carbon of zctive species formed 1in the
CCo by the acceclersted electrons and which in the

tsence of coarbon would attack the filement and so

43

inhibit the emission. It is considered that the attack
on the fillzment occurs by reaction of etomic oxygen .
with metallic bhariuvm which is present in the surfsce of
the filement end whicin is believed to he responsible
for the electron emission.

It has also been found that the nasture snd
extent of tne ettack upon the corbon are unaffected by
the pressnce or sbsence of mercury vapour. This must
certalnly be due in pert to the relstively long mean
Iree paths of the active speciecs and the proximity of
the csrbon to the region in which they are formed. The
effect thst changes in electrode gepnetry and/or COo
pressurc had upon the extent of the carbon attack in
the presence and absence of mercury vapour would sllow
this to be verified.

Exposure of carbon to electron bombardment

under vecuum has shown that no removal of csrhbon occurs
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as a result of the impsct of the clectrons with the

surface.

dxperiments hsve been carried out in the presence

and absence of cerbon vherein a flow of COp at pressures

of 60 - 704 1s exposed to electrons possessing energies

not exceeding 15 volts. It hes been found that even at

these energies the carbon provides protection for the

filament. It hss
playing & similar
mentsat 25 volts,
in the 002 by the
electron energies

atoms could cause

been suggested that the carbon is

role to thet proposed in the experi-~
nemely removel of active species formed
accelerated electrons. At these

it would sppear that only oxygen

this effeet.

HDxperiments have also been carried out in which

static cherges of CO, have been exposed to electrons of

energles not exceeding 25 volts in the presence of

carbon. It has been found that the % of CO formed as

referred to the final gaseous mixturce repidly attains

a steady state condition. Similer experiments with

static charges of

CO and CO2/CO mixturesgave further

evidence of a steady state condition. The deposition

of a carbon-like solic¢ observed in all three types of
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experiment suggested & reverse reazction involving CO
was occurring although the pressure cheages observed
wnder steady state conditions could not be reconciled
with the simple chemical gquation CO2 + C ==2C0.

Experiments with a flow of CO have again
revecaled extensive deposition occurring, it was found
in one set of experiments thet the totsl deposition
occurring, 1f assumed to be carbon, was of the sare
order of magnitudc as the total CO, produced.

Finelly it has been found that in spite of the
peculieritics of the stetic systems, the initial rates
of reaction in the static experiments could be compared
with the rates of resction in the corresponding flow
expgriments.

General Ceonclusionss

1. Carbon is rapidly attecked in the cold by CO, at

low pressures under the influcnce of low energy clectrons,
2. Tht active species sttacking thc carbon are not
electrically charged.

3. Analysis of the results end conditions suggests that
atomic oxygen 1s th. primary radiolysis product

responsible for the attack.
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4. The COg-carbon reaction has been shown to be
indepcndent of thc presence or abscnce of mercury
vapour.

5. A4t the clectron energies uscd carbon removal by
electron impact at the surface is not occurring.

6. Under stetic conditions the COp-carbon reaction
rapidly atteins a steady state condition which cannot,
however, be rcconcllsd with the simple chemical equation
CO2 4+ C &==2C0.

7. Dcposition of s carbon-like solid has been obhserved
in the static 002~carbon ¢xperiments and in similar
experiments with CO end C02/CO mixturcs and with a flow
of CO.

8. The initial rates of rcaction in the static experi-
ments with CO, and CO can be compared with the rates of
reaction in the corresponding flow experiments.

9. The unusual bchaviour of COp» under the influence of
low encrgy c¢lectrons in the absence of carbon has been
shown to bc due to the reaction of the octive species
with the oxide cosztcd cathode.

Comparison of low pressure - low enerey results with
cffects in - pile:

A comparison betwecn the results of tho oresent COo-flow
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experiments and effects liable to be cncountered in-pile
is made difficult by the widely differing conditions
existing in the two systems. In the present system the
maximum COo-flow pressure lics between 60 and 70u while
the radiation used tekes the form of electrons possessing
¢nerglics not exceeding 25 volts, also the carbon although
reactive 1s of unknown structure. In contrast for a
resctor of the Caldcr Hall type CO, pressures of about 7
atmospheres are used while the radiation which is respon-
sivle for promoting the COo~carbon rcaction 1s of two
kinds - fast neutrons and gamma rays. The majority of
the fast ncutrons possessenergics of about 1 Mev but
neutron energies as high as 16 YMe¢v have been recorded
while the gamme ray spectrum includes energies extending
from about 30 kev to about 3 Mev. The reletive contrib-
ucions of these two types of radiation has been found
to be about 20% and 80% respcctively. The carbon used
&g a moderetor in-plle has extensive pore structure and
indeed the rcectlon occurring in the pores 1s of
conslderable importance in assessing the overall
behaviour to be expected.

It is felt thet some comparison can be nade
between the prescnt results and those to be expected
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in-pile on thc basis of c¢vents occurring in the gas phzse-

Llthough thc significence is uncertain it is
perhaps interesting to note that the ratio of the COp=-
flow pressurc to the average cnergy of the quantum of
radiaetion Iacident upon the COo, is of the same order of
megnitude for both the reezctor and the present low
pressure system,

oince the gamma-rasdistion contributes the major
portior of the encrgy absorbed in the COp-carbon systen
it is fc¢lt reasoneblce to deal mainly with this in
conparing the conditions in-pilc with those in the
present low pressure systen. The gesmma ray quanta of
of ¢nergy less than 1 iev absorbed in the gas phese
will produce considerable ionization of the CO2 by the
photoelectric and Compton effecets. The free electrons
ejected as a result of the ionization will often obtain
kinetic encrgics practically equaZ to the energy of the
queénts and will thus be cepable of producing further
ionization and ecxcitation in the gas. It is known that
fast electrons produce 1 ion pair in CCo per 34 eV of
thelr cnergy; @ sccondsry electron possessing, for

c¢xanple, en encrgy of 100 keV will therefore produce
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about 3,000 ion pairs. It can thus be seen that almost
all the lonization (end cwecitation) occurring in the CO»
is due to the action of the fast seccondery clectrons
rather than to the guante thcemsclves. This gives
perhaps added significance to the fect thet the ratio

of C > Pressurc to quantum rsdiation c¢nergy 1s of the
seme order for both systems,; since now the bulk of the
incident radietion takes the same form in both cases,
namely elcctrons. Quanta of encrgy grecter than 1 YMev
can be absorbed by a procecss known as pailr production and
need not concern us here,

The velue of 3% eV quoted as thec sverage energy
requircd to form one lon pair for fast clectrons includes
the cnergy lost by exciting collisions. It is known that
the excltatlon of COp occurring at a minimum erergy of
5.5 volts leads to the formstion of CO + O(ﬁ), it there-
fore seems likely that atomic oxygen will be produced
in quite large quantities. At the high ges pressures
used the fate of the 005 iony, which 1is consldercd to be
the most abundant ion formed, will be dccided to a con-
siderable extent by electron-lon homogecneous recoobin-
ation lcading to dissociation into CO + o{#), Recombin-

ation followed simply by the emission of radiation may
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also occurs; here the rediation emitted will be capable
of promoting furthcr processes in the gas phase. Because
of the high gas pressures used colllsions in the gas
phase will probably be more important then wall
collisions. It would seem reasonable toc suppose that
the atteck upon the cerbon will only be msde by active
speclcs formed adjacent to the surface, in this respect
the reaction occurring in the pores of the carbon will
thus be of particulzr importance.

This analysis suggests that processes and pro-
ducts occurring in the gas phese in~pile are paralleled
by events occurring in the present low pressure system.
The esscntisl difference between the two systems 1s in
the nuch greater life-time of the ectilve species
produced in the low pressure systenm; this results from
the feect that.éecondary processes in the gas phasc do not
occur to anything like the extent they do in-pile. The
effeet of using 2 cerbon cdecposit as opposed to the nuclesr
graphite used in-pile is considered to be mainly one of
different recactivities.,

The results of the present low pressure work

indicate that atomic oxygen 1s the primery radiolysis
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product resnonsible for the stteck upon the carbon. Tnw
piic this etteck will probably be supplemented by the
offect of ozone being formed in a secondery gas phase
process. It would seem likely thet the stoniic oxygen,
since it is a primary product, would be responsible for
thc reaction in the pores while the ozone, since 1t is

& secondary product, would be concerned with the cxternal

surfsce reection. The protective effcct of the carbon

observad at 15 volts is tekcen to indicate thet the

COp=carbon reaction will readily occur under the

influcnce of quitc low energy radiation. Thils makes the

problem of finding mecans of reduclng the cficct of this
reaction very difficult; the two differcnt approaches
which present themselves are:

(a) the addition of eithcr something chemicelly
unreactive to the gas phesc which provideca & more
acceptable low energy path for the absorption of
the radiation or something which offers a medium
with which thec active speciles nay react in
preference to the carbon, or

(b) treating the carbon so as to increase its

resistance to attack either by reducing the
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(b) continued
accessible surface area, reducing the reactivity
of fhe carbon or by applying to the surface a
physical barrier to the active species. Any
treatment must not however involve the use of
materials heving anything but a very low capture
cross-section for thermalneutrons.

Method (a) is perhaps more promising due to the
comparative ease with which additions to the gas phase
can be made. Ixperiments carriecd out in the resction
vessel in which static charges of CO, have been
irradiated have shown, in spite of the failure to
obtain a good material balance, that the decomposition
of the CO, rapidly attains a steady state condition.
Similar experiments with C05/CO mixtures has shown
thiat this steady state condition is atteined more
quickly than in the corresponding experiments with
pure COo. It would appear that the decomposition of
the CO, is limited by the reverse effect due to the
build~-up of CO and that the effect of the CO-additive
is to increase the rate of removal of oxidising

species by means other than the carbon, this can
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only be achicved at the expcnse of the carbon oxidation
processes. Whether this removal is occurring in the gas
rhese is uncertaing this effect together with the
inability to obtain a good material balance provokes
enquiry on the effect of surfaces other thesn the carbon,
e.g. irradiation vessel walls etc. The cxperiments with
static COZ/CO nixtures and also with a flow of pure CO
showed clearly that deposition of carbon was occurring.
This suggests that although the addition of CO to the
COo may reduce the attack upon the carbon the deposition
process may present problems in the future reactor
circuits, particulsrly if cxtensivec deposition occurs

on heat exchanger surfaces. Accepting from the results
of the flow experiments that removal of carbon occurs in
pure 002 and that deposition of carbon occurs in pure CO,
the behsviour in 002/CO nixtures is still uncertain. It
is still not known from the¢ nodel channel experiments
in-pile if under steady state conditions the gas phase
removal processes have become so rapid as to prevent

any actlve speciles reaching the carbon or whether the
carbon removal process 1s being compensated by a rceverse

deposition process. Such effects would be very
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dependent upcin the gas pressures uscd and the geometry
of the system. The present low pressure apparatus in
wnich thesc Tactors cen be norc easily veried would
secm to provide a means of studying this problenm in

rnore detail.,
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T4BLE. L.

Prcliminary experiments in which static charges of COp were
exposed to electron bombardient in presence snd ebsence of
carbon. Grid 25 volts positive with respect to cathode.

Times of exposure 5-300 secs. COy pressure renge L3-70u.

With carbon

Initial Time  Average Finsl Pre¢ssure Finel % loss
CO» of Enission Total with CO0p COo of COs
Pressure Reaction Current Pressure frozen Pressure Per 5084

() (seecs.) To Grid. (u) out (w)

() (1)
70 5 Ly 71 10 61 R
68 5 go 68 10 58 15
63 15 L 6L 11 53 18
61 15 52 70 18 52 15
70 15 73 76 25 53 17
65 60 Ly 67 17 50 25
03 60 72 78 38 Lo 25
70 120 Ly 75 21 5k 25
63 120 66 78 L0 8 30
59 180 L5 66 23 +3 30
62 180 66 82 43 3k 34
50 300 L5 58 25 3 38
57 300 61 87 53 3 33
Without carbon

62 5 62 6l 12 2 1

50 15 72 57 17 0 1

62 15 77 o8 20 L8 15
43 15 80 53 21 2 16
61 15 85 69 25 L 16
L6 60 63 52 16 36 17
68 60 67 77 2 54 15
53 60 70 63 2t 39 19
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60
5

fi8
67
ok
60
61
56

TABLE. 1,

65
28

2
ok
68

[SP=Aratarry=taepte e

- 1h1 --

(Contd.,)

22
2L
29
25
27
31
T
3

34

17
15
31
15
18
33

29
28



(a) Carbon or bare metal foil 25 volts positive with

respect to the cathode. COp pressure range 60 - 70u.

wWwith carbon

Run Average Tinme Total Weight Cco2
Mo, Hilssion of 1illi-Amp Loss of Pressure
Current Reaction Iiinutes Carbon ()
(md) (mins) (m. gms)
161 226 20 4520 2.1 63
162 117 20 2340 .9 65
lo 158 20 3160 1.5 70
16 154 20 3080 1.0 65
177  2lo 30 6480 1.9 62
178 115 Lo 4600 o5 63
179 160 40 6400 1.8 70
180 154 50 7700 1.8 70
181 230 20 4600 1.0 63
182 130 20 2600 .8 70
183 199 27 5373 1.7 65
193 110 20 2200 « 6 65
194 188 20 3760 1.3 68
236 111 70 7770 2.9 63
238 165 60 9900 3.3 63
Without carbon
Run Average Time Total COp
Ho. Emission of Milli-Amp Pressure
Current Reaction Hinutes ()
(md) (mins)
159 88 15 1320 69
160 88 10 880 6h
184 49 Lo 1960 70
202 18 70 1260 65
263 27 70 1890 73
298 37 30 1110 72
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TARIL. 2. (Contd.,)

(b) Carbon or bare metal foill at same potential as

cathode. COp pressure range 60 - 70u.

With carbon

Run Average Time Total Welght COp
No. Emission of Filli-gmp Loss of Pressure
Current Reaction Minutes Carbon  (u)
(mA) (mins) (mgms)
195 41 40 1640 .5 70
196 53 50 2050 .7 65
197 71 50 3550 1.2 Bl
198 85 4o 3400 1.3 65
199 65 30 1950 o2 63
200 130 Iy 5200 . 9 68
202 66 30 1980 .5 70
203 oL 50 14200 1.2 62
204 80 40 3520 1.2 62
205 63 25 2075 .6 o7
235 6o 150 9900 3.4 72
240 103 70 7210 2:5 75
303 98 ol 0272 1.7 60
30k 57 90 5130 1.5 65
Without carbon
Run Average Time Total COp
No. Bmission of iiilli-amp Pressure
Current Reaction Iinutes (w)
(ms) (mins)
200 19 30 570 61
207 24 30 722 67
b 9 60 540 60
261 8 150 1200 70
297 16 EO 800 76
299 21 0 840 68
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TABLE. 2. (Contd.,)

(¢) Carbon or bare metal foil suspended in reaction

vessel. 002 pressure range 60 ~ 70u,

With carbon

Run Average T ime Total Welght COo
No. Emission of Milli-amp Loss of Pressure
Current Reection Hinutes Carbon ()
(md) (mins) (ngms)
150 140 30 4200 1.2 64
151 11& 20 2260 .8 70
154 6 30 1920 .7 70
156 173 20 3460 1.2 65
158 162 40 6480 2.4 73
165 104 60 6240 1.7 65
172 ol 60 3840 .3 70
17 77 20 1540 3 60
17 63 Lo 2520 .6 70
175 7 L0 2920 NS 67
176 11 L0 4560 1.2 65
2&7 59 140 8260 3.3 67
2Ll 5 30 1350 .5 60
242 57 95 5415 1.7 70

Without carbon

Run Average Time Total COo
o, “mission of Milli~-amp Pressure
Current Reactlon Minutes
(md)  (mins)

1bo 80 10 800 62
152 31 20 620 70
153 33 20 660 68
155 75 20 1500 62
157 65 15 975 73
259 19 60 1140 63
260 14 100 1400 73
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TABLB. 3.
Carbon or bare metal foil 25 volts positive with
respect to the cathode. CO, pressure range 20 - 23u.

With carbon

Run Averags Time Totel Weight COo
No. Emission of 1iilli-amp loss of Pressure
Current Reaction Minutes Carbon (u)
(ma) (mins) (mgms )
211 244 20 4880 .7 20
212 279 15 4185 .6 20
21 265 10 2650 L 20
214 280 25 7000 .9 20
215 226 25 5700 o7 20
216 310 40 12400 1.8 20
232 278 35 9830 1.6 21

Without carbon

Run Average Time Total COo
No. FEmission of Milli-a2mp Pressure
Current Reaction Minutes ()

(mh) (mins)

155 83 60 4980 20

186 76 60 4560 20

187 56 ) 2240 20

190 66 30 1980 20

210 51 60 3060 20

302 92 50 4600 20
TR



TABLE. 3. (Contd.,)

(b) Cerbon or bare metal foil st same potentisl ss

cathode COp pressure range 20 - 23,

wWwith carbon

Run apversge Time Totsl Weight CO5
No. Emission of Milli-amp loss of Pressure
Current Resction Minutes Carbon (w)
(md) (mins) (ragms)
217  hé 50 2300 03 20
218 67 30 2010 .5 21
220 54 30 1620 o2 23
221 5l 30 1620 o3 20
225 52 20 1040 o2 20
2206 69 L0 2760 s 21
227 71 20 1420 3 22
228 79 50 3950 o7 21
229 78 70 5460 .9 21
230 60 110 6600 1.0 20
231 66 150 9900 1.5 20

Without carbon

Run sverage Time Total co
Ho. Hmission of Hilli-enmp Presgure
Current Reaction Minutes (W)
(md)  (mins)

188 L5 40 1800 20
18¢ Lo 40 1840 20
208 40 30 1200 20
23 ok 110 2040 20
26 20 150 3000 23
265 17 150 2550 21
300 29 0 1160 23
301 26 60

1560 19
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(a)

TABLE. Y.
Carbon 25 volts positive with respect to cethode,
mercury vapour absent fron reaction vessel. CO2

pressure range 60 - 70u.

Run Average Time - Total Welght COo
No. Emission  of Milli-amp loss of Pressure
Current Reaction Minutes Carbon ()
(md) (mins) (ngms)
243 194 30 5820 2.0 65
24l 169 30 5070 1.6 65
245 Lok 20 3280 .8 70
246 148 60 8880 2.5 70
247 140 50 7000 2.1 61
248 159 60 9540 3.0 68
249 232 20 Lolo " .9 60

Carbon 25 volts positive with respect to cathode,
mercury wvapour absent from reaction vessel. C0o

pressure range 20 - 22u.

Run Average Time Totsl Weight COo
No, Emission of Milli-Amp loss of Pressure
Current Reaction Hinutes Carbon ()
(mA) (mins) (mngms)

250 198 40 7920 1.0 20
251 186 55 10230 1.5 20
252 248 20 4960 .7 20
253 15; 80 12240 1.6 20
254 264 10 2640 3 22



(a) Carbon or bare metal foil 15 volts positive with

respect to the cathode. CO, pressure renge 60 - 70u.

With carbon

Run Average Time Total COp
No. Emission  of Milli-Amp Pressure.
Current Reaction IMinutes (W)

(mA) (mins)

208 6.8 90 612 63
269 9.6 90 86k 63
272 14.1 00 8o 66
273 19.8 60 1188 70
275 8.0 60 480 70
277 23.2 30 696 72
292 10.1 30 303 65
291 13.9 L5 625 73
294 12.2 30 366 65
295 9.5 30 285 70
Without carbon
Run Average Time Total CO»o
No. Emission  of Milli-Amp Pressure
Current Reaction Ilinutes ()
(md) (mins)
266 .99 90 89 72
267 1.27 90 11k 63
270 2.91 60 175 60
271 3.2 60 192 71
274 6.k 60 384 62
276 1.7 30 51 70
278 5.7 30 171 67
290 2.4 30 72 65
293 2.96 30 88 70
296 4.5 45 202 64



Run 305 ¢ Static charges of CO, exposed to electron
bombardment. Carbon 25 volts positive with respect to
cathode. Times of exposure 5 - 300 secs. CO5 pressure

range 50 - 90u.

Juitial Time hverage Final Fressure Final Tgta} % 00,
€02 of Emission  Total with €Oy CO, Hilli-amp
Pregsure Leaction Current Pressure frogen Préssure liautes

( u) (secs) (ma) (u) out ( “')

76 15 268 90 60 30 67 67
72 15 261 80 sh. 26 65 67
55 30 250 70 50 14 128 80
71 30 229 90 6 25 115 72
76 60 253 108 8 2y 253 78
60 00 268 81 66 15 268 81
55 15 187 60 3 26 Yo 57
63 30 221 76 57 19 111 75
56 60 232 80 67 13 232 8
66 120 242 92 8k 8 484 91 -
68 120 222 100 87 13 Lk gy
70 5 159 70 27 43 13 39
63 £ 190 63 25 38 16 39
60 10 178 65 35 30 30 54
68 10 150 70 33 37 25 Ly
85 5 113 87 26 6l 9

76 10 129 78 34 Lk 21 43
61 120 192 87 75 12 384 86
75 180 190 115 100 15 570 87
67 180 178 102 86 lo 534 8L
50 180 185 82 .y0 12 555 85
51 15 1ky 52 32 20 37 61
65 30 129 722 Y7 o5 6 65
83 650 1L 99 Ol
88 300 195 135 125 10 980 92
7L 300 168 130 115 15 840 88
58 300 130 92 80 12 650 87
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Run 306: Ststic charges of CO» exposed to electron
bombardment. Without cerbon, bare metal foil 25 volts
positive with respect to cathode. Times of exposure

5 - 900 secs. COo pressure range 50 - 90u.

Initial Time Average Final Pressure Final Total % co,
C0o of Emission total with CO2 COs 1i11i-amp
Pressure Reaction Current Pressure frozen out Presgsure Minutes

(w) (secs)  (ma) () (w

75 5 132 70 30 4o 11 43
50 5 86 L5 17 28 -7 38
60 15 88 55 37 18 22 67
56 15 6l 50 25 25 15 50
82 30 63 75 0 3% 32 53

ol 30 43 58 29 29 22
5k 60 43 50 37 13 43 7k
77 60 L 70 4o 30 Y
65 120 Ll 63 Lo 18 88 71
53 120 51 51 Lo 11 102 78
59 180 63 58 L7 11 189 81
75 180 46 73 50 23 138 69
91 300 92 23 72 21 460 77
62 300 89 58 b7 11 445 81
5 80 17 6
50 15 - 24 50 12 i8 6 24

C 5

19

19 31
k7 57
77 120 5k 70 9 31 108 56
55 180 ol 53 5 8 282 85
57 300 68 53 L 6 340 88
72 900 134 71 56 15 2010 79
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Run 307:

bombardment,.

cathode.

Static charges of COp exposed to electron

Carbon 25 volts positive with respect to

Times cof exposure 5 - 3600 secs.

range 55 - 85u.

Tnitial Tine

CO

of

Aversge

Emnisgsion

Préssure Reaction Current

Final Pregsure
Total with CO

Final
co,

Total
nilli-amp

.Presnure frogen éut Prégssure Hinutes

COo pressure

% €O,

(L) (secs ik (n ()
78 5 251 72 34 138 21 L7
65 15 243 66 Lé 20 61 69
81 30 218 87 57 30 109 65
88 60 242 105 77 28 242 79
80 120 241 110 93 17 482 84
55 180 232 87 77 10 696 88
85 300 233 125 110 15 1160 88
65 300 225 76 63 13 1125 83
70 600 213 90 75 15 2130 83
80 900 213 102 85 17 3495 83
80 180C 189 93 77 16 5670 83
82 1800 180 103 81 22 5400 78
67 1800 16% 85 68 17 Lo 80
69 300 150 90 75 15 750 83
66 60 126 72 57 15 126 79
75 15 83 7% 37 37 21 50
69 900  16% 93 78 15 2460 84
67 1800 167 88 73 15 5010 83
68 3000 168 82 67 15 10080 82
68 3600 157 85 67 18 9420 79
72 600 148 110 91 19 1480 83
85 2700 159 115 96 19 7155 83
61 480 156 81 67 1k 1248 83
77 3600 151 120 102 18 9060 85
61 300 136 74 60 1+ 680 81
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TABLE. 9.
Run 310¢ ©Static charges of COp exposed to electron
bombardment. Carbon 25 volts positive with respect to
cathode. Times of exposure 5 - 7200 secs. COp pressure

62 - 85u.

Initial Times  Average  Final Pressure Final  Total % o,
co of Emission Tolal with €02 CO Milli-amp
Préssure Reachion Curzent’ Pressure frozen oub Prissure Minutes

() (secs)  (md) (W () ()

77 5 162 63 20 43 1% 32
73 60 199 ol b1 7 199 88
75 300 219 65 57 8 1095 88
78 900 251 65 55 10 3765 85
62 1800 267 37 30 7 8010 81
85 3600 269 L8 38 10 1lé1k0 7

70 7200 231 27 23 L 27720 89
63 300 167 69 56 13 835 8L
66 900 213 70 55 15 3195 79
68 60 13 76 61 15 137 80
66 1800 204 55 Yo 13 6240 76
68 300 196 80 65 15 980 81
70 3600 222 66 51 15 13320 77
7% 7200 171 55 4O 15 20691 . %3
78 900 161 87 66 21 2415 76
80 7200 203 49 35 1k 24360 71
72 900 173 b5 33 12 2595 73
79 300  1hkk 90 73 17 720 81




TABLG. 10.
Run 311: ©Statlic charges of COo exposed to electron
bombardment. Carbon 25 volts positive with respect
to cathode. Times of exposure 5 « 3600 secs. CO2

pressure rerge 67 - 94u.

Initial Time - Average Final Pressure  Pinal  Total % o,
COo of Enigsion  Total with C0p -CO, Milli~-amp
ressure Reaction Current Pressurce frozen out Pressurc Minutes
{secs)  (m4) (1) () (u
88 5 224 77 26 51 19 34

Ot 60 227 97 73 2% 227 75
88 300 237 80 68 12 1185 85
80 900 319 38 32 6 4785 84
67 3600 282 17 15 2 16920 88
20 15  154% 96 sho Lo 38 56
70 120 207 90 75 15 L1y 83
70 300 205 ol 79 15 1025 8k
70 900 261 73 63 10 3915 86
70 3600 247 3 33 10 14820 77
76 15 76 74 38 36 19 51
79 60 129 92 68 24 129 74
80 300 198 112 95 17 99U 85
79 900 22 100 82 18 3360 82
73 3600 21k bl Yo 15 12840 77
75 120 118 o7 77 20 236 79
8+ 3600 181 89 72 17 10860 81
77 15 36 74 25 k49 9 3k
8% 1800 164 102 83 19 4920 81
70 900 153 82 67 15 2295 82



TABLL., 11,

Run 314: Static cherges of CO exposed to electron
bombardment. Cearbon 25 volts positive with respect
to cathode. Times of exposure 15 -~ 1800 secs. CO

pressure range 53 - 79u.

Initial Time of Avorage . Final Pressurc Final  Total 00,

Co Reaction Inission rTotal with €02 .COo Milli-amp
Pressure (sccs) Current .Pressure frozen out Préssure Minutes
) - (xp) (w) )

65 15 290 50 k73 72 94
77 60 295 33 31 2 295 94
79 300 L475 7 6 1 2380 86
57 900 453 5 L 1 6795 80
57 15 372 41 Lo 1 93 97
60 60 356 28 26 2 356 93
60 300 70 15 13 2 1850 87
66 1800 71 12 11 1 14130 92
65 15 L5k L9 M; Lo 113 91
57 60 418 28 2l L 418 86
60 300 L4k 25 21 L 0200 84
68 900 440 20 16 L 6600 80
et 1800 L2 1k 11 3 13800 79
59 60 Ll 26 23 3 416 88
ol 900 L35 p) 17 5 6525 77
5k 000 383 25 22 3 383 88
b6 60 407 Ll 37 7 o7 84
75 300 L4ik L 35 9 2070 79
65 1800 40o 25 18 7 12180 72
53 15 395 37 33 L %9 89
55 6C 373 20 22 L 373 85
69 300 346 35 28 7 1730 80
65 180 355 30 23 7 10050 77
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TABLE. 12,

Run 324: Static charges of CO exposed to electron
bombardment. Without csrbon, bare metal foll 25 volts
positive with respect to cathode. Times of exposure

15 - 3600 secvs. CO pressure range 70 - 125u.

()
Initial Time of  Average  PFinal Pressure IPiral  Total % co,
] Reaction Emission Total with C0z  COy Milli~anp
Pressure  (scca) Curront Pregssure frozen out Preassure Minutoes
(W) (ms) (w) (w (p)
73 15 70 68 65 3 17 9
160 60 212 47 43 L 212 91
S0 900 453 L9 43 6 o795 88
95 15 986 81 75 6 9% 93
93 60 L1k 63 55 8 41k 87
93 300 465 7 39 8 2325 83
9l 900 L7k L5 37 8 7110 82
86 15 439 68 63 5 110 93
105 900 504 38 29 9 7560 76
75 15 430 S5k %9 5 107 91
107 15 380 86 80 6 95 93
100 15 392 80 73 7 98 91
75 60 379 L2 36 6 379 86
85 60 L1l 45 39 6 4k 86
12C o0 379 88 76 12 379 86

115 300 k36 74 62 12 2180 8k
95 300 392 3 43 10 1960 81
78 300 389 0 37 9 1945 80
95 200 378 bl L8 13 5670 0
93 900 380 51 41 10 5700 R0
76 900 96 Lo 30 12 5940 72
85 15 09 62 57 5 102 92
95 15 369 74 05 9 92 88
81 15 382 53 48 5 95 91

125 60 372 88 80 8 372 91
85 60 349 49 41 8 39 38k

115 o0 327 72 62 10 327 86

118 300 357 75 62 13 1785 83



TAPLE, 12 (Contd.,)

70 300 355 L7 36 11 1775 77
110 300 338 73 60 13 1690 82
95 900 356 67 s 13 5340 51
110 900 317 71 56 15 4755 79
77 3600 332 52 g 13 19920 75
110 3600 332 63 7 16 19920 75
112 900 352 67 52 15 5280 78

(b) Conditions as in (&) except that sprendix on
reaction vessel immersed in liquid oxygen, there-
fore COp removed immedietcly it is produced and

does not interfere with rediolysis of CO.

ol 15 337 72 6L 8 8% 89
38 60 263 35 5 30 263 1k
75 300 69 29,5 1.5 28 345 5
70 90C 82 31.5 .5 31 1230 1.5
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TABLE. 13.

Run 312: Stetic charges of 60% COo/40% CO mixtures
gxposcd to electron bombardmcnt. Cerbon 25 volts
positive with respect to the cathodc. Times of
egxposurc 5 - 3600 secs. CO0p/CO pressure range

60 - 80u.

Initial Tine Aversge  Final Pressure Final Total % 00,
£0,/C0  of Epission Total  with CO0p  COp Hilli-anp
Préssure Heaction Current Prcssure frozen oud Pressurc Hinutes

{(secs)  (mh) (1) () (1)

66 5 232 59 Ly 1y 19 76
71 60 239 Lsg 40 5 239 89
63 300 314 20 18 2 157 90
80 900 395 28 23 5 5925 82
65 15 207 62 50 12 52 31
81 300 276 70 57 13 1380 81
60 3600 369 1h 12 2 22140 86
62 300 375 52 41 11 1875 99
68 300 268 69 57 12 1340 83
65 60 194 7L 58 13 194 82
67 60 225 65 52 13 225 80
66 300 2638 60 48 12 1340 80
69 900 275 53 41 12 Y125 97
72 3600 270 25 18 7 16560 72
61 1800 256 27 20 7 7680 74
65 300 256 53 42 11 1280 79
66 60 162 61 52 9 160 83
65 60 159 66 55 11 156 83
62 900 230 42 32 10 3450 76
62 3600 212 35 26 9 12720 74
67 300 221 62 49 13 1105 79
60 300 196 55 42 11 980 79
64 1800 164 o' L9 15 4920 77
68 1800 1o 65 49 16 4e50 76
66 300 21 73 58 15 1070 79
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Run 313: BStatic chargcs of o0L CO,/40% CO mixturcs
cxposed to clectron bombardmecnt. Csrbon 25 volts
positive with respect to the cethode. Tinecs of

exposurc¢ 15 - 3600 sees. CO0p/CO pressure range 60 - 75p.

Initial Timec of hverage Final Pressure Tinal Total % o,
COQ/CO Reaction Emission Total with COp €O 1illi-aop
Prissure {secs,) Current  Pressure frozen out Pr@ssure iiinutes

() (md) (p) () (w)

65 15 192 55 L5 10 43 82
73 60 180 61 56 5 180 92
70 300 222 L3 39 b 1110 91
€0 900 334 13 11 2 5010 85
62 1800 5 6 5 1 12150 83
70 900 458 23 17 6 6870 74
/2 300 307 73 62 11 1535 8

60 60 276 61 5L, 7 276 89
66 15 262 63 52 11 65 82
65 300 363 62 2 10 1815 8%
68 15 225 68 54 1k 56 79
66 60 257 73 65 8 257 89
65 300 318 75 66 9 1590 88
65 900 331 61 L9 12 4965 80
68 3600 206 Lo 32 10 15960 76
68 900 L05 57 Lo 11 6075 81
71 1800 395 60 48 12 11850 80
73 60 333 71 60 11 333 8%
70 300 345 69 €0 9 1725 87
67 900 324 08 56 12 43860 82
69 3600 312 50 42 3 18720 8k
61 900 316 65 56 9 L7Lho 86
67 15 18 68 5% 14 b6 79
75 300 @ 28hL 82 60 13 1hk20 84
75 1800 263 70 58 12 7890 83

..:!_58..



TABLE, 15,

Carbon or barec metsl foil 25 volts positive with respect

to the cathodc. CO pressure range 60 - 80u.

With carbon

Run Avcrage Time Total  Nct weilght COo
No, BEnilssion of M11li-Amp Incrcasc of Pressure
Current Recaction Minutcs Carbon ()

(mA) (mins) (mgms. )
315 4hé 22 9812 o2 60
316  bho Lo 17680 1.1 78
318 Ho6 60 27960 1.5 7L
320 L23 120 50760 2.1 75

Without carbon

Run Avcrage Time Total COs
No,., Emission of Milli-anmp Pressure
Current Rcaction Minutes (w)

(mA) (mins)
317 Y55 40 18200 74
319 436 60 26160 72
321 L6 120 53520 80
322 103 L0 16120 66
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TABLE. 16,
Run 323: Flow of CO through systecm, COo, produccd removed
immediately by liquid oxygen eround reaction vessel. Filnal
COp pressuré mcasurcd. Without cerbon, bare metal foil 25
volts positive with respect to cathode. Times of CO fliow

30 - 600 sces, CO pressurc range 63 =~ 92u.

co Time of Average Final Total
Pressure Reaction Emission COs5 Milli-emp
() (sec) Current Pressure DlMinutes
(ma) ()

85 600 412 200 4120
8¢ 600 Lok 200 Lo%0
65 600 &gS 200 3750
72 300 5 150 2025
63 120 390 90 792
76 120 349 75 698
gS 120 _g 6 0
7 120 36 92 730
88 60 100 43 L00
78 60 . 372 0 372
67 60 389 1 389
73 30 380 20 190
79 30 378 20 189
7 30 411 22 205
7 120 395 90 790
83 60 358 50 358
82 120 0 5 0
75 30 0 3 0
77 60 402 48 Lo2
74 120 378 92 756
92 30 375 19 187
71 30 364 18 182
03 90 365 58 547
65 20 352 62 528
80 90 367 62 550
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APPENDIX

Graphs of emission current from an oxide
coated cathode versus time in the presence
and absence of carbon.

figs.26 to 34 inc. CO, flow pressure 60-T0u,

figs.35 to 38 inc, 002 flow pressure 20u
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Fi1G 2. CARBON(OR METAL FOIL) AT A
POSITIVE POTENTIAL WITH RESPECT
TO THE FILAMENT
APPLIED POTENTIAL 257
CO, PRESSURE 6"5/1..

2501
WIiTH CARRBOMN

d
Q

EMISSION CURRENT (MiLLi-AMPS)

50-
WITHOUT CARBON
O LI L]
o 5 1o

TIME(MINUTES)
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EMIssioN CURRENT (MiLLi-—AaMPS)

B

o
0

F1G.27. CARBON(OR METAL FOIL) AT A
POoSITIVE POTENTIAL W R T
FILAMENT.

CAPPLIED POTENTIAL 22SY
CO, PRESSURE 62-72 ..

WITH CARBOMN

WITHOUT CARBON

s IO
TIME (MINUTE s)
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F1G. 28. CARBON (OFZ METAL F‘Ou_) AT A
FPOSITIVE FPOTENTIAL W R-T.
FIL.AMENT
AFPPLIED POTENTIAL 257
CO, PRESSURE 63 -—/'3/&

200

WITH CARBON

WITHOUT CARBOMN

o 35 70
TIME (MINUTES)

-7 -



~
o
O

¢

0
R

EMISSION CURRENT (MiLLI-AMPS)
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FiG 29. CARBON(OR METAL FOIL) AT
SAME POTENTIAL AS THE
FILAMENT.

APPLIED POTENTIAL 215Y

CoO, PRESSURE 63~67/u

WITH CARRBON

WITHOUT CARRON

o)

IS 30
TiME (MINUTES)
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Fi1q.Jo. CARBON(OR ~METAL F"OIL..) AT
SAME POTENTIAL AS FILAMENT
APPLIED PoTENTIAL 25Y
CO, PRESSURE WITH CARBON 62
WITHOUT CARBON 76/;..

WITH CARBOMN

WITHOUT CARBON

o) 25 50

TIME(MINUTE'S)
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FIG3l. CARBON(OR METAL FoIL) AT
SAME POTENTIAL AS FILAMENT.

F S
&‘ APPLIED POTENTIAL 257.
z CO, PRESSURE ’7o/u..
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F1G.32. CARBON (OR METAL FOIL)
SUSPENDED IN REACTION
VESSEL..

APPLIED POTENTIAL: 26Y
CO, PRESSURE 65/-«-.

200! 200,
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Z CAaRBOMN L
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y 3
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F1G 33. CARBON (OR METAL FOIL)
SUSPENDCED IN ReEACTION
VE SSEL.
APPLIED POTENTIAL 25Y

CO, PRESSURE 65«.
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SUSPENDED IN REACTION VESSEL.
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CO, PRESSURE 67-—73'/u.
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F1G.35.CARZON(OR METAL FOIL) AT A
POSITIVE POTENTIAL W R.T
FILAMENT
APPLIED POTENTIAL 25

300.
CO, PRIEZESSURE '2_0/\.
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FI1G.36. cARBON (OR METAL FOIL) AT
A POSITIVE POTENTIAL W-RT
FILAMENT
APPLIED POTENTIAL 25
Co, PRESSURE 20

WITIH CARRON

WITHOUT CARBON

TIME (MINUTE'S) 25
—182-



150+

100

EMISSION CURRENT (M\LL.\-AM PS>
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Flq.37 CARBON(OR METAL F‘OlL.) AT
SAME POTENTIAL AS THE
Fll.AMENT. ‘
APPLIED POTENTIAL 259
Co, PRESSURE 2lu.

WITH CARBON

WITHOWT CARBON

o 20 Lo

TIME (MINUTES)
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Flg.38.

CARBQN(OR METAL F-ou_) AT
SAME POTENTIAL AS FILAMENT.
APPLIED POTENTIAL 25Y
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