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ABSTRACT
A study has been made of the radiation induced reactions in Vhe
systems Coz/carbon and CO/carbon at low pressures using low voltage electrons
emitted from an oxide coated cathode. It has been shown that in the

absence of radiation CO, is reduced to CO both by reaction with the

2
free metal in the oxide surface and by its thermal decomposition on
striking the heated cathode. Using constant currents in a static

system of CO, it has been shown that the threshold energy of the
electrons required to promote decomposition of CO is approximately

14 eV. in the presence of carbon and approximately 25 eV. in its

absence., The upper threshold has been confirmed by experiments

performed in flowing CO, where it was found that the currents

obtainable from the cathode were significantly greater when decomposition
occurred than when it did not. It is concluded from thesec results that
CO decomposes by an ionic mechanism which can be catalysed by a

carﬁon surface. Using a carbon-14 tracer technigue, it has been shown
that the primary radiolysis product responsible for carbon gasification
in the COz/carbon system is electrically neutral and that only a siight
inerease in gasification rate is observed when positive ions are

present. It has been shown that these species are present mainly in

the region of the glow discharge produced by the electrons.

Spectroscopic studies of this discharge tend to favour an excited



form of COy as being the neutral specles responsible for gasification.
When comparing the results obtained with sooty carbon and pyrolytic
carbon it 1s apparent that sooty carbon gives rise to much greater
electrical currents and carbon gasification rates. Differences in
experimental conditions wot 1d explalin some of the discrepancy but it
is probable that sooty carbon is fundamentally more reactive and that

this increased reactivity leads to the greater currents.
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CHAPTER 1
GENERAL INTRGODUCTION

In the pressure-vessel design of nuclear reector
adopted in the early stages of the British nuclear power
programme grephite was chosen as the neutron moderator
and cerbon dioxide as the coolant gas. Grezphite is an
attrective material for use in nuclesr reasctors because
of its favourable nucleer properties, its ease of manufac-
ture into the shepes and sizes required and in 2 rela-
tively pure state, end its good mechanicel properties
which improve with temperature end eneble it to serve
as a structurel meteriezl es well es & moderator. Cerbon
dioxide was chosen es the coolant ges since it is readily
availeble in a pure form, hes & low neutron cepture
cross-section and physicel properties which confer good
heat-transfer end pumping cheracteristics.

In the eerly reectors the coolant gas is in
contect with the grephite and must therefore be compatible
with it, producing no deleterious effects within the pro-
jected life of the reactor. In the ebsence of radiation
carbon dioxide does not resct with grephite to o significant
extent at temperastures below 650°C. However, it does

react with graphite under the influence of radiation and
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therefore the use of cerbon dioxide #s 2 coolent sets
limits to the tempereture, pressure snd power density
at which 2 resctor mey be opersted. Much resesrch

hes been cerried out on the redietion induced reections
occurring in the COZ/CO/C systems to determine the
limits of these peremeters in order thet the beheviour
of new reactors mey be reliebly predicted by extrepole-
tion of the results obteined from those 2lready in
existence.

Besicelly, two requirements ere necessary for
the extrepoletion of the results:

1) 2 knowledge of the effects of the peresmeters for
which extrepolstions fre required, and

2) 2 quentitetive understanding of the radiolvtic
processes taking plece in the COZ/CO/C system.

The first requirement hes motiveted most of
the work performed in in-pile experiments. Data from
experiments performed in the Herwell reactor R®,E.P.O.
have showm thet the rediation induced reection between
cerben dioxide and graphite may be interpreted in terms
of the decomposition of the cerbon dioxide in the ges
phese producing ective species which ere carried down-
streem to where they cen resct with the graphite sur-
fece to produce cerbon monoxide. In view of the known

stebility of pure czrbon dioxide under reector radiation



1.

it wes concluded thet the grevhite 2cts ¢s an inhibitor

of recombinetion processes and 2lso 2s & vehicle for

ettack by the chemicelly active species produced by the
rediolysis.

In eny reection between 2 solid and 2 ges the
eccessibility of the solid surfece to the gas is imvor-
tent #nd for grephite there =re two features of speciel
relevence:

i) grephite hes » much greater surfece erees in its
pores than it hfs superficielly, so thet the ges
within the pores hes better eccess to 2 cerbon
surfsce then hes the gas in the larger speces
outside the bull;

ii) the resction between the grevhite surface and the
chemicelly ective species produced in the radio-
lysis is not controlled by the transvort of normel
cerben dioxide molecules to the interior of the
bulk s is required in the high tempereture ther-
mel oxidestion.

The importance of this pore resction rules
out the possibility of obteining quantitetive informe-
tion on the bessic rasdiolytic processes from the in-pile
experiments owing to the difficulty in controlling the
conditions inside the pores. An edditionel complice-

tion in in-pile experiments is the complex nature of
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the resctor rasdistion which is mede up of neutrons, elec-
trons end gemma-reys, esch having 2 complex energy spectrum
ranging from zero to severel Mev. These high energies
result in the formetion of 211 possible excited and ion-
ised species in the rediolysis of the cerbon dioxide end
cerbon monoxide and mekes the identification of those
responsible for the cerbon gesification imvossible. In
order thet the besic kinetics of the reactions occurring
mey be elucideted leborestory experiments heve to be per-
formed in which the energy end flux of the incident radis-
tion mey be cerefully controlled et velues compereble with
the primsry excitetion and ionisation potentials of cerhon
dioxide end cerbon monoxide. For these experiments two
types of low-energy radistion mey be used - either vecuum
ultra-violet photons or low energy electrons.

The present work hes served to further develop
epperetus in which geses ot low pressures cen be bomﬁérded
by electrons emitted from en oxide corted cethode end ec-
celersted to energies in the renge of 10 to 40 electron-
volts. A cerbon-1l4 trecer technique has been developed
whereby the gesificetion of very smell smounts of cerbon
by the excited ges may be meesured eesily and eccuretely.

These studies ere intended to elucidete some of
the besic processes which occur in the radistion induced

reaction hbetween cerbon dioxide end grephite. In perticuler
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it is intended to essess the relative importence of ionic
end neutrel excited svecies in the resction mechenism.
The effect of using low pressures is to incresse the life-
time of the ective svecies eond to reduce the effect of
secondsry processes occurring in the g2s phese. It is
interesting to note thet the product of pressure and redius
of the cerbon semple is of the same order of megnitude for
the svstem used in this work end thet occurring in the
pores of e grephite sample in & reactor ; this meens that
the results obteined here may be more reedily evplied to

the conditions of & nucleer reector.
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CHAPTER 2
REVIEW OF EXTISTING KNOWLEDGE IN THIS FIELD

A. Redio chemicel reactions in pure CO»o.

2.1. TIonisetion processes.

The first ionisstion potential of C02 hes been
studied by verious workers using the well esteblished
electron or photon impect or spectrogrerhic techniques.
A summery of the results obteined by them is shown in
Teble I.

TARLE I

First Ionisetion Potential of 002

Vethod Ionisation Potentiesl (eV) Reference
Electron impect 144 1
i K 13.9 * 0.1 2
b 3 13.85 * 0.01 3
" ' 13.88 ¢ 0.03 4
¥ o 13.78 5
Photon impect 14.0 *# 0.3 6
i A 13.6 2 C.2 7
Spectroscopic 13.79 * 0.06 8
" ' 4.4 9
i 13.78 10

From these results it cen be concluded thet the

first ionisetion potentiel of CO, is 13.8 2 0.1 eV,
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Higher ionisetion potentiels for COs, corresponding to dif-
ferent electronic ernergy levels of the COp * ion, heve been
reported by workers using vecuum ultr=s-violet absorptionlo’ll
or direct photo—ionis:tion7 methods. The results Pre es-
sentielly in egreement with esch other =nd give values of
17.1, 18.1 end 19.4 eV.

The appeerence potentiels of other ion fragments
heve been meesured by Smyth end Stueckelbergl, Kallmann
and Rosent? end Kembera2 using different types of mess-
spectrometers. The results of these workers ere summerised
in Teble IT #nd cen be seen to be in egreement with eech

other.

TABLE II

Apreerence potentiels of ion frrgments in CC,

Celculated
Product  Ref 1. Ref 12. Ref 2. Min. Energy
1. CO* 14 (14.4) 13.9 = 0.1 --
2. 0+ 17 19.6 = 0.4 20.3 % 0.2 19.0
3. CO+* 18 20.4 * 0.7 20.5 % 0.2 19.7
L, C* 29. 28.3 * 1.5 26.6 * 0.2 26.6
5. 0% -- 20.0 # 1.0 -- 18.7

The values of the minimum energy given in the
lest column of Teble IT were celculeted by Smyth from the
heets of dissociection end ionisetion potentiels relevent

to the process.
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The presence of the O,* ion, reported by Smyth
and Stueckelberg, wos observed et higher pressures only
end wes sttributed to 2 seconderv reection between ionised
#nd neutrel CCy : i.e. COp* « CCp = 20C + Op*. The rele-
tive abundences of the ions veried with the ges pressure
in their ionisetion tube but, &t 2 pressure of 0.8 uHg
and with en accelereting voltege of 4O V, the retios of
CO,* : CO* : O* : C* were found to be 100:20:7:3. Similer
velues were obteined in more recent studies by Hayaweks
and Suguirel3 and by Lorquetlh. The latter's values of
100 : 8 : 6.5 : 4 compered faevourebly with the theoretical
velues of 100 : 5.5 : 6.5 : L computed from known date
on the ionisstion cross-sections.

Smyth end Stueckelberg elso observed thet, at
002 pressures grester than 5 pHg, the intensity of the
CO* ion decreesed with increesing 002 pressure. They
attributed this phenomenon to the ion-exchenge reaction
CO* + G0, = COp* + C =~ e reaction now known to be &0%
efficient.

Kembera obteined similer results for the 2p-
peerance of the 02+ ion at higher pressures end found
that, while the relative abundences of the ions wes con-
stant et low pressures, 2t high pressures the retios of

CO*, 0* end C* to 002+ increased.
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2.2. Redicel Formetion

The ultre-violet ebsorvntion spectrum of 002 hes
been studied by Leifsonl? and by Lymenlé. From the data
collected Bonhoffer and Herteckl’ were sble to conclude
thet the observed continuous absorption spectrum corres-
ponded to & dissocietion of CO, into neutral CO end e
normal oxygen etom occurring ot 2250 A° or 5.5 eV. This
value of 5.5 eV hes been confirmed by Gesydon who employed
2 celculetion besed on thermo-chemicel dete together with
& spectroscopicelly determined vezlue for the heet of dis-
socistion of CO. For the complete dissocietion of CO,
into one cerbon end two oxygen atoms he obteined a2 value
of 16.5 eV,

Messurements of the absorption spectrum of 002
in the vacuum ultre-violet by Inn et 91.19 enabled values
to be computed for the upper limits of the energy neces-
sery for the dissociation of 002 into excited redicels.
These velues ere given in Table TIT together with values
cited by Weekeszo from other spectrel dete.

TARLE IIT

Appearance potentiels of verious
radicel products

Products Energylg(ev) Energyzo(ev)
1) co('D) + o(3p) 6.8 5.4
2) co(' %) + o(ip) 7.7 7.4

3) col'p) + c(ts) 10.3 9.7



18.

TARLE IIT (continued)

Products Energylg(ev) Energyzo(eV)
L) cola®m) + o(3p) -- 11.4
5)  cold 3 » o(’p) -- 13.1

Since the ground stete of the 002 molecule is
& singlet state (' J), process 1) cennot tske plece dir-
cctly due to spin conservetion rules. Wilde et Pl.21
suggest thet en intermediste excited stete of CO, is in-
volved end thet it is probzbly the COZ(gﬂ) stete predicted

<2 They suggest =lso thet the forme-

earlier by Mulliken
tion of O(lD) goes vie the intermediary of en excited

Cop('1) state. The COL('S) — c0y(3n) — cO('E) + 0(°P)
reaction hes been postulected also by Brebbs et 91.23 in
their study of the dissocistion of CC, induced by shock-

waves.

2.3. Cverell Effect of Radistion on CQO,

The beheviour of pure COp when subjected to
radirtion bombardment depends on the neture of the radie-
tion end the dose rete involved. When subjected to elect-
ricel discherges; vecuum ultre-violet bomberdment or high
dose-rete resctor (high-energy) radistion it decomposes
to form cerbon monoxide and oxygen but when subjected to
low dose-rates of high energy rediftion it is apperently

steble.
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In vecuum ultre-violet redietion studies Groth24
found the quantum yield of CO st 1470 A° to be neer unity
end suggested that oxygen stoms ere formed in the primery
process. Jucker end RidealzB steted, however, thet the
quantum yield wes close to two end thst no oxygen 2toms
ere involved in the photolysis of COz. Thev proposed
thet the cerbon monoxide end oxygen ere formed by the
reection COZ* + C0p —> 200 + O5. To resolve these dif-

26

ferences Mahan™" repested the experiment. He rigourously
excluded mercury from his system since & mercury photo-
sensitised resction could promote decomposition by & step-
wise eccumulation of energy in CO, such rs:
Hg + hv - Hg*
Hgx + CC, — 002* + Hg
COx% + Hg* — CO + O + kg
Mehan found thet oxygen ctoms appeesr Ps a
primery product with unit quentum efficiency, thus confirm-
ing Groth's velue. Mehen concluded #lso thet the oxygen
atoms involved were electronicelly excited, possibly to
the O(lD) stete, since he could not detect O(BP) atoms by
the chemi~-luminescent reaction with nitric oxide.
The decomposition of C0, into cerbon monoxide
and oxygen proceeds repidly when subjected to electricel
discharges induced by micro-weve generstors or redio-

frequency arcs. In such discherges excited forms of €Oy,
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COZ+, Co, CO*, C, C* and C hasve been identified definitely
by spectrographic enelysis end, therefore, it is unreeson-
eble to exclude éeny vossible product from the reaction
enelysis. Working with 2 redio-frequency erc, Wilde et
1.2 found thet the CC end O, yields decressed exponen-
tially with increesing flow rete, incrersed linerrly with
current but depended little on nressure. They were zble
to exvlein the dependence of the yields on the pressure
end current by proposing the following resction scheme:-
COzﬂv~f>CO + 0 end O
COZ'vv‘aGOZ4 + e
COst ¢+ 67 —> CO + C end 0%
CO + O+ —> (O,
CO + Q0 —> (302=5< —> CO0, «+ hv
€O, + 0% —> CO + Op
O+ C*% —> Op% —> 0y + hv
O+ 0 -— 0,

At low dose-rates pure CO, is steble when bom-
berded with x-reys, ¥-rays or reector rediation #lthough
in the presence of treces of oxygen ecceptors such es
sulfur dioxide, nitrogen dioxide or mercury it decomposes
readily to form csrbon monoxide end oxvgen. Therefore
this epperent stebility is 2lmost certeinlv due to & very

revid recombinetion of the primery rediolysis products,

but the exsct neture of the recombinestion process remeins
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in doubt,

Hirschfelder end Teylor27, from 2 survey of then
existing date on the decomposition of 002, the oxidetion
of CO end the formetion of ozone, concluded thet the beck
rcection wes due to the oxidstion of GO by ozone. However,
Herteck end Dondeszg heve shown thet the resction
CO + O3 —> €0, + 0, requires an ectivstion energy of
approximetely 22 k cels/mole. They proposed & new resc-
tion mechenism meking use of » chain resction involving
cerbon stoms end the carbon sub-oxides CZO end C302.

There is no direct evidence for the presence of these
molecules in the rediolysis of C02 snd polymeric solids,
which would be expected to be formed when these sub-
oxides rre present, hrfve heen revorted only in systems
conteining en epprecieble emount of CCO. In »ddition
Sutton et rlBO heve shown thet 0302 ~rcturlly incresses
the rete of formstion of CO.

More recently, DomineyBl while working on the

12

exchenge of cerrbon-14 between thO end 002 hes attempted

to explein thc epperent stebility of 602 in terms of both

ionic end excited species while Anber32? hes suggested thet

CO, may be en importent intermedirte in the recombinetion

3
process. The CO3 hypothesis hes received further support
from the recent experimentsl evidence of W:rneckBZb
working on the photolysis of CO, by vecuum ultra-violet

resdintion.
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2.4. TIonisetion processes

22.

The eppeerance potentircls of the possible ion

fregments in CC heve been the obhject of study by verious

workers for meny veers in on 2ttempt to find

e decisive

velue for the dissoci~tion energy of CO. The results of

the four most recent determinetions fre summerised in

Teble IV.
TABLE IV
Apperrance_potentisls of ion fregments in CC

Product Ref 33 Ref 34 Ref 35 Ref
1. ¢co* 14,1 * 0.1 - 14.10 | 14.01
2. C* 20.9 * 0.2 20.9 * 0.2 20.95 % 0.05 20.89
3. 22.8 2 0.2 22.8 * 0.2 22.69 * 0.05 22.57
L. C” -- -~ 23.65 * 0.10 22.97
5. 0% 23.3 1 0.2 23.2 1 0.3 23.7 % 0.2 23.41
6. - - 25.8 %t 0.2 24,.78
7. O 9.5 % 0.2 9.6% 0.2 9.5 * 0.2 9.39
8. 20.9 * 0.2 21.1 # C.2 20.95 % 0.05 20.92

36

i

0.09

i1+

0.20

i+

0.C5

1+

C.17
* 0.17
* 0.05
¥ 0.05

Finemen end Petrocelli36 identified the dissocier-

tion products s follows:~
7 CO ~~»C(°P) + 0-(?P) ot
1 A2 G0 + e at

2 end 8 A~ CH(2P) & 07 (2P) ot

Q.4 eV
14.1 eV
20.9 eV
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3 Ars CHPP) 2 0PP) + 6 ot 22.6 oV
I end 5 A~ 07 (55) 4 0t (bs) et 23.6 eV
6e ~~3 C(3P) + 0*(ks) st 24.8 eV
6b A~ C(1D) + 0t (%s) st 25.8 eV

Heyeweke ond Suguiral3 found the relstive sbun-
dence of the ions CC*, C* end O+ to be 100, 5.5 znd 3.
Lorquet14 found the reletive rbundences to be 94 : 4 : 2
which were in reletively good egreement with the theor-
eticelly determined velues of 89 : 9 : 3,

Using & direct pnhoto-<ionisetion method Weissler
et el.7 observed higher eppecrence potentisls of the CC*
ion et 16.6, 18.4, 20.1 2nd 25.7 eV which ere in good

egreement with spectroscopic meesurements.

Z2.5. Redicel Formestion

The dissociztion energy of CO »nd the latent
heet of sublimstion of cerbon heve been frequently inves-
tigated in en cffort to eveluste them mccurately. If o
relisble determinetion of one is mede the other follows
through # reletionship involving the stenderd hest of
formetion of CO.

Velues for the dissociestion energy of CO ranging
from 6.92 to 11.11 eV heve been proposed to exnlein the
date collected from verious studies. TDVdOﬂ37 strongly

criticised the electron impect work snd from spectroscovic
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deta deduced thest 11.11 eV wes the correct velue for the
dissocistion energy.

In fect, electron impect dete failed to yield
2 decisive velue for the dissocistion energy, D(COQ),
prior to 1958&. Iagstrum37 originelly concluded from his
deta thet D{CC) wes 9.60 eV, but this result depended on
the existence of en excited stete of the 07 ion of =bout
the scme energy #s the electron effinity of oxygen, EA(C).
In 1955, RBrFnscomb end Smith38 published 2n =ccurete
determination of the electron eoffinity of oxvegen etoms
of 1.45 * 0.10 eV end found no eviderce of steble excited
stetes of 07 by the vhoto-detachment of electrons from
02— ions. 1In 1958, Hagstrum39 demonstreted thet his dete
could be explained using D(CC) of 11.11 eV and BA(C) of
1.45 eV without using his previous rfssumption of en excited
07 ion. Since then Legergren35end Tinemen and Petrocelli36
heve shown thet their results support‘these velues end
thus it is feirly certsin thet the dissociation energy
of cerbon monoxide into normel cerbon snd oxygen etoms

is 11.11 eV.

2.6. Qverell effect of redietion on vure CC

Unlike 002, c/rbon monoxide is reedily decom~-
posed by 1l energctic rrdicstion #nd the ultimete product

of the decomposition is & brown or bleck solid.
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40

dorking with x-rsdietion Cemeron and Remsey
fnd Lind eand BPrdwellhl described two solids, & bleck one
which settled on the bottom of the resction vessel end
brownish yellow film which distributed itself evenlv over
the wells of the recction vessel. On herting these solids
in vecuo 002 eand CO were formed snd if the solids were
re-irredieted in the presence of 002 théy repidly disep-
peered with the formetion of CC. From stoichlometric
considerestions Lind s£nd Berdwcll provosed en initiel reoc-
tion scheme of

6CC AP 2C02 + C =+ 0302

suggesting thst the c~rbon would fell to the bottom of
the reesction vessel end thet cerbon sub-oxide would poly-
merise on the wells.

In recent experiments in the Harwell reector
D.I.D.C., ¥rrsh hss followed the r~diolysis of CC to 75%
completion end the empiricrel formules for the solid hes

heen found to be C This suggests thet the resction

1.9
scheme is best fitted by the empiricel equstion
3CC ~m~? CO, 1 CZO .
The eddition of metesls such =s Au, Pt or of
colloidrl grephite to ect Ps vpossible scevengers of
oxygen ctoms hesd little effect on the rrte of CO decomvo-

sition. The phHysicel enperrence #nd distribution of the

deposits were, however, different »nd the solid wes no
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longer perticulete. 1Ir the presence of grephite the ges
composition chenged towerds 2 constent CC : COZ retio
depending on the r#s pressure snd zeomctricel srrengement
used. The empiricsl formule of the solid veried from
CBO2 2t room temper~ture to 030 et 350° C.

Rudolph ~2nd Lind63 concluded from the x-rediolvsis
of cerbon monoxide thst both CO*% end CC* Pre concerned
when pure cerbon monoxide is used but thet with CO/CO,
mixtures the CO* ion is de-ectiveted by the resction
cot + CC, = €CO,* + CO end only CO* rercts. They suggested
the following fetes for the ions detected by mrPss spect-
rometry:

CO* + CO —> CO,* + C

0+ » CC —> COZ"‘

C+ » CC —> CZO+ — 0302+ -—>» solids

C. Rpdi=tion Induced Reections in the Svstem

C0,,/00/¢

2.7. Genersl summery

Trom the studies of the decomposition of pure
GO, under redistion bomberdment it would seem eessy to
conclude whet would heppen when cefrbon is rdded to the
system. As when other oxygen acceptors, such es mercury,

ere added the CO2 should decompose to form czrbon monoxide
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and the csrbon should be oxidised to form further cerbon
monoxide. If the cerbon monoxide builds up to o suffi-
ciently high level it would be expected to decompose #lso,
with the formetion of carbon rich solid polymers. These
general conclusions hfve been confirmed experimentelly
but the results obteined heve shown thet the precise neture
of the resctions is frr more compliceted end is not fully
understood. Much work hes been underteken et Harwell 2nd
elsewhere in en %ttempf to grther informetion on the reec-
tion mechenism 2nd in psrticuler on the nsture of the
chemicelly mctive species which ceuses the gesification
of the solid cerbon. Thorough reviews of the experimen-
tel results end of the idess on the resction mechenisms
involved heve been presented in 1958h3, 1960“F end 196345
eand will be deelt with rether briefly here.

Since the problem is directly concerned with
the competibility of cerbon and 002 under refctor condi-
tions méeny of the experiments heve been performed in pile
=t Herwell, where the redistion consists meinly of fast
neutrons. Under these conditions the energy ~bsorbed by
#n ~2tom is # function of its ~tomic number but dosiometric
studies have shewn that the rstes of energy sbsorption by
cerbon end oxygen stoms ere epnroximetely equel end,
therefore, thet the eneresv ~bsorbed vper unit mess is the

seme fer CO CC end cerbon.

2’

»
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In & ges~cooled reector the mess of the grephite
moderetor grectly exceeds the mess of the C02 coolsant end
therefore the mejority of the energy is 2bsorbed in the
solid phrse. The resulte obteined by Devidge 2nd Mr—:rsh46
heve shovn thet the energy ebsorbed in the gas phese is
the more importent in the redistion induced resction.

In their enpsretus the ges wes circulested over » grephite
sbecimen éont€ined in & tempereture controlled furnsce

in the core of 2 reector. A lerge silice vessel wes in-
corporsted in the system close to the grephite specimen
so thet the volume of ges irredisted before reeching the
grephite depended on the direction of flow. They found
thet the rete of CO formetion wes considerebly grester
when the lerge volume was upstreem of the grephite then
when it wes dovnstreem.

Copesteke 2nd Corney47 heve performed en exten-
sive serics of secled-tube cxperiments et 80°C end 500°¢C
in the Herwell reector RB.E.P.C. end st BOOC in & gemme-
r2y source, They hrve shown thet, under the conditions
emploved, the production of CO from C02 snd greohite mix-
tures 1is not very dependent on the neture of the grenhite
but th~t very big changes cen be produced by chenging the
ges pressure, the solid to grFs mess retio, #nd the geomet-

L8

ricel errengement. Tomlinson and Welker also hsve shown

thet within 2 fector of two the rete of a2tteck on the
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grephite is independent of the physicsl structure of the
cerbon #nd eppesrs to be uneffectcd by the presence of
chemicel impurities which crtelyse the thermal oxidestion
reection.

The experimentsl results of Gow rnd Mershh9 on
the effect of tempcreture on the redietion induced recc-
tion heve shown thet between 100°C end 600°C the rete of
CC formetion is increesed by e fector less then three.
This corresponds to en fectivetion energy® of sbout 1.5
k cels/mole but it is difficult to esttech & reel signifi-
cence to this quentity. However, it is consistent with
the ides of ¢ recsction controlled by both the radietion
production of ~ctive svecies »nd the geseous diffusion
of thesec species to the cerbon surfrce - = diffusion in
which meny fre lost by de-ectivetion or recomhinstion
processcs which #re likely to heve sms=1l ~ctivrtion ener-
gies. above 600°C there is » merked incresse in the rete
of CC production due to the thermel oxidertion teking place.

Using 2 redio-esctive trecer technigue in which
grephite semples conteining cerbon-14 were used, Fectes
end Waitcs?O heve shown thet the condition of the surfece
of the grephite eprperrs to hsve 2 smrll but significent
effect on the neture of the molccules (002 or CC) which
trensport the cerbon-14 from the solid to the g=s phese.

Fvidence of the effect of the cerbon surfece on the rete
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of CO production hes been demonstrated in ges flow exveri-
ments by Sach51, who found thet 2t constent dose rates
the rete of CO production decresses over the ersrly periods
of irresdietion before settling down to & constent value.
The resvlts mey be brosdly summrrised by seying
thet the redietion induced reection between CO2 and gre-
phite is initisted by 2 process teking plece in the gas
phese and thet it depends little on the physicel struc-
ture of the cerbon but thrst the oxidetion state of the
cerbon surfece hes 2 significent effect. To explein the
frct thst in cerbon-1lL experiments the species CO, leO
end 1LPCOZ sre observed the following tentrtive mechanism

hes been proposed by Wright end in which the species

enclosed in brrckets represent surfece stetes:-

CO, ~~>C0 + O . . . .. 1)

(Y*¢) + 0 — (Yheoy) ... L 2)
(Y*cc) — Moo C e e 3
(*co) + 0 — oo, L.k

If, in the eerly strgees of irradietion, there is a deficit
of edsorbed oxygen reaction L) would be relatively insig-
nificent end e higher rate of CO nroduction would follow
vie reecctions 2) end 3). The above mechenism is written
for oxygen etoms being the resctive species but they

could be written equally well for en excited CC. molecule

2
being the rerctive species.
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An overell rcsction mechenism proposed by
WrightSZ, which fits all the observetions on cerbon gesi-
ficetion =nd on exchenge (or recomhinzstion) snd which
seems to give the proper reletionship bctween the reec-

tion steps controlling these two processes, is #s5 follows:

Crrbon gesificetion

oo o 14002 Theo 4 1i*CO?, Exchenge ‘
14 P ALy " ' {(Recombination,
c | c iaseomoanation,
A 7 e
co Yoo L g
2’\-\_\—\’\’\3 7 .
l ”Sﬂ* §] ——%i CC, + O J.fﬁ NI

This mechanism tekes in 1l possible routes ~nd does not
distinguish between the individuel steps. It must be
emphesisecd thet more experimentel evidence is required
before » scheme such =s this could be considered as esteb-

lished, but it c2zn vrovide £ rcresoncshle working hvvothesis.
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FIGURE 1

LAYOUT OF GAS STORAGE SEGTION AND REACTION VESSEL
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CHAPTER 3
APPARATUS AI'D SUMMARY OF CLAXTCI'S RTSULTS

Since Clexton's spprratus e#nd method were used

in the prescnt resersrch # genersl descrintion of the ep-

summery of the results obtrined by Clexton53.

3.1. Cenerel Jescription of the Apverstus

The eppersztus wes constructed of Pyrex girss
end consgisted of three sections - one designed for the
purificstion #nd storesge of the grses used, » low nressure
section containing the reection vessel rssembly and e
section for the enelysis of the geseous products for
carbon-14 content. A diegrem giving the generel leyout
of the first two sections is reproduced in figure 1.
Cerbon dioxide end cerbon ronoxide were obteined
from ecommercisl cylinders 2nd ertered the svstem vie
tep Ty end werec dried by pessing through tubes A end B

which contsined celcium chloride (CeCl rnd megnesium

o)
perchlorate ( Mg(0104)2 ) resvectively. The cerbon
dioxide wes purified by elternetely freezing it out with
liouid nitrorgen in tube C end the licuid 2ir eppendege
2t the bottom of vessel D and pumping ew2y the top snd
bottom fractions vie tep T6. This wes done # number of

times #nd the ges wes finslly stored in the gess reservoir

D. The csrbon monoxide wes dried by vessing through
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tubes A end B end wes stored in the reservoir. The geses
were kept dry by heving en Pppendege conteining megnesium
perchlor~te in the reservoir. dhen cerben monoxide wes
used the liquid eir eppendege wes immersed in liquid
nitrogen to retein anv impurities condensible ot 77°%K.
The differcnt components of the storege scoction were con-
nected with cepillerv tubing s~nd 2 mercury menometer wes
included to messure the ges pressure in the reservoir.

The low pressure section consisted of the reec-
tion vessel 2nd ¢ Mecleod geugce with & liguid 2ir treo
in between ﬁhem to reduce the mercury conteminection in
the re-ction vessel when necesscry. The Macleod geuge
wes of the bench type supvlied by Edwerds High Vecuum

2

Ltd. end coulid meesure pressures in the renge 10 to

2
10" pHg. The gruge was modified by replecing the fixed

(2%}

¢

reservoir with 2 moveble one connected to the geuge by
thick welled P.V.C. tubing. Pressures were read by sus-
pending the reservoir from & hook whose position could
be ~djusted by ¢ screw threed - 2 method which enebled
pressures to be rerd quickly pnd eccuretely. Additionel
eir treps were included to prevent #ir being swent into
the system by the flowing mcrcury #snd » non-return velve
wes instelled just 2bove the geuge to prevent mercury

being let over into the reection vessel. The mercury wses

triple-distilled grade A mercury end wss repleced
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FIGURE 2
REACTION VESSEL
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periodicelly to decressec conteminstion risks.

A diegrem of the reection vessel is reproduced
in figure 2; its dimensions were bodv length 25 cms. end
internsl diesmeter & cms. Atteched to the body were ¢
B 45 cone znd socket, with the socket contrining 5 tungsten
leads which surported the verious electrodes used in the
reseerches. RBeneeth the rersction vessel wrs & smell
liquid #ir 2spnendege used in the enelysis of the reection
products. The electrodes consisted of » smell enode Al,
2 lerger electrode A2 used for supporting the csrbon de-
posit end 2 cathode C. The electrodes Al end A2 were
mede of luminium foil 0.0l inches thick. The cathode
consisted of ¢ composite oxide leyer coeted onto & nickel
bese £snd wrs supplied by the Merconi snd Osrem Velve Co.
The nickel brse 1wes 99.9% ovure with trrces of silicone
and mrenesium ~nd the corting wes supplied £s = mixture
of berium, strontium end celcium cerbonrtes in the pro-
portions 5 : 4 : 1 . The filement wes inserted into the
reection vessel =s supplied snd wes formed in situ by
hestine irn vecuo. The cszanates sre decomposcd to their
recspective oxides ond the oxides =zre then portielly re-
duced to the pure metels which provide the electron
emission. FErfch electrode wes connectcd to = tungsten
le»d by 2 short steinless steel rod =nd connection.

The grs wes rdmitted from the storsgzec scction
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to the resction vessel through en Edwsrds spindle-seated
needle-valve type 03IC. This provided » very fine con-
trol snd flow pressures of #s low 2s 1 pFg could be mein-
teined eccuretely =2nd eesily.

The tros T¢, ana T7 enesrbled either scetion to
be evecurted independently. Evecurtion wes provided by
? 3-stege mercury diffusion pump, tvpe 2134, hacked by
2 rotery high-vecuum oil pump, type 15P30, both being
supplied hy Edwrrds High Vecuum. With liquid nitrogen
surrounding the cold trev between the diffusion pump ~nd
the system pressures below 0.0l pHg could be obteined
ersily end quickly.

211 teps in the two sections were lubricrted
with Apieczon I’ gresse end #11 cone #nd socket connections

were gressed with Aplezon L greesse.

]

he gless wells of the bodv of the reaction
vessel were degessed by heating them to eoproximetely
300°C while pumping ~t pressures below 1 uHg. When the
system had cooled down to room tempersture the filement
wes formed snd the electrodes werc depessed by electron
bombrrdment from the filement.

The electricrsl circuit diegrsm is reproduced
in figure 3. The filement wes herted with en 2lternsting
current obteined from e step-down trensformer fed by o

Berco rotery regevolt trensformer to give o continuvous






FIGURE 3
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veriation of filement tempernture up to 1200°C, The rc-
celereting potenticl epplied between the cathode end
electrode Al wes obteined from o verieble resistence
connected ~ccross ¢ D,C, supplv. The elcetrode A, could

be meintrined 2t the potentiesl of electrode A st the

1°
potentisl of the certhode or electricrlly isoleted from
either one. The currents -nd volteges werc messured by
Merk & AVC-meters.

A description of the cerbon-14 fnelysis section

will be given in chepter 7.

3.2. Summery of Claxton's Studics

Using the ezpperetus described in the previous
section Clexton periormed three series of experiments on
the effect of the rediolysis of CC, in the presence of
cerbon. The csrbon wes prepered by burning neothelene
in eir r£nd depositing the soot onto thec eluminium foil
which formed electrode Az.' This wes then heeted to sbout

500°C for ~bout 30 minutes in o stresm of nitrogen before

being weighed rnd inserted into the reesction vessel.

3.3. Crrbon weight loss

This series of experiments wes performed in o
single prss flo- system of 002 et pressures of 70 preg #nd

20 prig snd wes intended to show whethir the rsctive species
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attacking the cesrbon wes electricelly cherged or neutrel,.
For this purpose the 2node 47 wes held 25 volts positive

with respect to the crthode 2nd the elcetrode A2 wes held
in one of the following conditions:

2) 25 volts positive with respect to thce cethode

b) ~t the ssme potentirl »s the cathode
c) suspended in the rerction vessel =nd so isolated

from the other electrodes.

The effect of having the cerhon in these three
conditions wes determined by compering the meesured car-
bon weight losses for e given milli-smp minutes - e
mersurc of the totfl cherge pessing through the grs. It
wes found thet the extent o the esttock on the carbon
wss independent of the eiectricnl condition of the cerbon
end therefore led to the conclusion thet the ~ttacking
species wrs electricelly neutrel., Untirely similer re-
sults were obtsined when mercury vevour wes excluded from
the rerction vessel #nd so ruled out the possibiiity of
"2 mercury photo-sensitised rerction taking plece. From
2 consideretion of the differcnt ionisstion end excite-
tion processes occurriné iﬁ CO2 £t erergiles less than
25 eV it suggests thet the primsry process responsible
for the stteck on cerbon is

%)

CO2 + e NSO+ O( + e

The resction was accompanied by & guite intense,
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pele blue glow, present meinly between the clectrodes
end ettributed to the presence of excited stetes of a

number of unknown species,

3.4, Protective effect of cerbon upon en oxide coeted

The presence or obsence of csrbon from the
reaction vessel hed 2 marked «ffect on the current drewn
from the oxide~costed cethode. It wes found thet in the
ebsence of cerbon - electrode A, in position but with no
cerbon film on it - the current fell off repidly with
time, whereess in the presence of csrbon the current wes
relrtively steble. This effect wes noted with electrode
A2 in #11 threc conditions specified above end wes due,
therefore, to the presence or sbsence of cerbon only.

Jt wes expleined by essuming thet the ~ctive species
which rersct with crsrbon, when present, 2re cepeble, in
its ebsence, of sttecking the csthode. This rsttack would
presumsbly involve the oxidsticn of the free metels pre-
sent on the csthode surfsce end which fre responsible

for the thermionic emissiocn. This interpretestion wes
supported further by the fect that the 002 decomposed

rerdily in the 2bsence of the crrbon film,
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3.5. BStatic cherges of CC and CC,

When stotic cherges of CC end CC2 were bomberded
with 25 ¢V electrons the. systemn came repidlv to ¢ steady
stete of epproximetely 80% CO which wes meinteined for
long rezction times. A correct messs belence between
reectonts and recction vnroducts wes not obteined owing
to electricsl “cleen-up" processes trking plece. Sterting
with pure C02 the yields of oxygen etoms in the product
geses were of the order of 70 - 90% of the oxygen atoms
in the resctent, while when strerting with pure CC the
vields were lower end veried over wide limits from 10%

to £5%.



43,

CHAPTER 4

STATIC EXPERIMENTS WITH CARBON-DI-OXTDE

4.1 Introduction

Using electrons of 25eV energy only, Claxton was
able to conclude that the species causing the gasification
of carbon was electrically neutral and probably atomic
oxygen. The most convincing method of determining the exact
nature of the reactive species would be to determine the
rate of carbon gasification as a function of the energy of
the bombarding electrons and to correlate any thresholds in
the resulting curve with the knownlexcitation and ionisation
processes summarised in Chapter 2. The reaction could be
measured by directly computing the rate of removal of
carbon from the solid phase to the gas phase or, alternati-
vely, by monitoring the ohénge in gas composition and
calculating back from a simple stoichiometric relationship
such as GO0, + C ~~32C0.

Unfortunately the current between the electrodes
in the reaction vessel decreases sharply with decreasing
voltage below 20 volts and the carbon weight loss method used
successfuly by Claxton becomes impractical owing to the
excessively long reaction times that would be involved.
Therefore, in the present work a radio-active itracer

technique using a carbon -14 surface has been developed:



but before this some experiments were performed in a static
system of 002 to study further the possibility of using the
change in gas composition as a means of measuring the

carbon gasification reaction,

4,2 Experimental Procedure

In this series of experiments the apparatus was set
up as described in Section 3.1 with a carbon surface de-
posited on electrode LYY After the electrodes had been
degassed the system was shut off from the pumps and pure
002 was admitted to the reaction vessel via the needle-
valve until the pressure measured on the Macleod gauge was
approximately 60 M HE. The relevant potential was applied
between the filsment and the anode - with electrode =y
connected so that it was at the same potential as the anode.
The filament was then switched on for a short period of
time and the current was noted at regular intervals. After
the filament had heen switched off the apparatus was left
to stand for approximately five minutes so that it could
cool down to room temperature. The gas mixture was then
analysed for fractlons condengible and non-condensible at
7]0 K by immersing the liquid air appendage in liquid nitro-
gen - the fractions were assumed to be carbon di-oxide and
carbon monoxide respectively. The reaction was then

allowed to proceed for a further short period of time before
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FIGURE 4

% CO AS FUNCTION OF REACTION TIME
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a further analysis was carried out. This was repeated
several times so that the complete reaction could be
followed using a single charge of gas.

The disadvantage of using this method is that the
reaction had to be halted while analysis was carried out
and any concentrations of free radicals or excited species
formed during the reaction would be destroyed by re-comhi-
nation or de-excitation processes at each stoppage. However,
the results did give considerably less scatter than previous

methods and could be used for a more sensible analysis,

4.3 Results and Discussion

Runs were carried out using accelerating voltages of
0,10 and 12 volts and the results obtained are given in
tables 1, 2 and 3 respectively of the appendix. The results
are plotted in figure 4 as the percentage carbon monoxide
as a function of reaction time. It can be seen from these
plots that the conversion of carbon di-oxide to carhon
monoxide is the same for all three potentials and, since
one of these potentials is gero, the conversion must be due
to a non-radiolytic process. It will be shown that this
"thermal" conversion can be attributed to the reaction of

CO0, with the filament.

2
A run was then performed with the anode and carbon at

25 volts to determine the effect of using a higher electronic
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FIGURE 5

CO anp COz PARTIAL PRESSURES AS FUNCTION OF TIME
FOR V=C anNp V=25V
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FIGURE 6

% CO AS FUNCTION OF REACTION TIME
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percenscges of coarbon mignonide zs Tuipeticns of reaction time

asre given in i jurse 2. % zan be seen turt ke conversicn
to carkon somosLilc occurs im all three rvnus s.40UR. By

conparing the rumng for mere accelerating fielid in figures 4
anpd € 10 ig scen that tue zere volts comversion ic largely
3G nresence of carkon.

The runms at 28 volte show that in the atsence of carhbon
the carbon Jioxide is undergo iig cadiolytic deconposition

&g wo.ulld be oipected. The differences between runs 3¢ ~n¢ 51

aay e aviributed to the difierent currents obtained Fronm
the filaonent in the two suns - less tusn 10mAa in run 50 and

greater taan 2C0wis 1o run 51, It should e noted thnat, as

gnoug: Lo c.og & cinidiccat differcnce Letween the radiation
induced reaction an’ tug dieriicl racction in the absence of
carbon. In run 43 (fi,ure 4) in wioich a current of approxi-
mately 10m4 wes ohltzined for 12 volt electrens in the pre-
sence of carton ther: was no significant difference from tha
tuernal reocvion. This zmay inlicate tunt no radiation
inducel reesetion wrs tacing pluce in tnis case.

It ghould e note? olgo that in runs 50 and 51 (tovle 8)

tie actusl nartial wresgure of carbon mopnexide coptimued te

tae runs anl exhibited no Hdoecrense as
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FIGURE 7

CO2 AND CO PARTIAL PRESSURES RS FUNCTIONS OF TIME
IN ZERO ACCELERRTING FIELDS
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oxide czthode cnl tuis ust Le due to o cheniczl raaction
of the certon Jioxide sivh t.¢ oxide surrsce.

2) iA¥ter th Ti

T¥egsure lJecreagse 1g
PN

- v ~ 3 e -y

to 1.8 = 3.4 /VLJ.?_{,/:Ulu

is ocecuvrring

ret vihwee ninutes tae corbon dioxide
conztant for al? tihree rums and eiual

. Tais guggestyg tuat s gipilar yrocoss
thiree cases and ieg due to the presence of

2 heated ocurrXocece ond is nmost nrobably the thernal dis-
sociation o carbgn dioxide on sivriliing the filament. A
approxincic caliculation Tased con uwinetic tiecry date does,
in faect, zive cu angwer of the rigat order of z2sgnitude for
trnis rote ¢of theraci Tissocliction. The calculation is
given in %:e a_pendix.

we chesical re

-

=

actions can occur between carhbon

o

dioxide xnml an cxide-coated filament huye hoeen fully des-
: 'R o - P S 5‘:" [ R ~re = - "
crihed by Herren cnd Dricg. rhacir cciaclusions wvere
‘ - A0 . o o
taat at teltocraouiae T.Lilow 8007C the criibon Jioxide wouzld
react witha t.ue meval exide to forvm o stalble carbonate

COM.OUL .
e -+
and
rezcet with the free
i -+

To verifly wuocir

carried out:-—-

LICO

1)

dicxid

LR )

> e

3

k) 0 T . o
avnove 8230°C the carion &e wouid

aetal to form the corresionding oXxid

co MG + €0 +vees 2)

2

finiiags tue following experinent was



54,

1 0w 4+ +
i 1 ) [ =
[ »] o 3 £ = O]
+3 o +2 [ o .
C . (@] o + I | (9] [} (o] o oz
- w o o 4 0] 5 A e 9] (I & ot - p=
o M o i L HY] @ o] © (o S 2 v
) (& ore o u/ 4= (&) 0o~ o W o] ® 5} Gt
(@] o I =4 [op] S ip} = . (ow} N4 eV} < (] &} 23 ¥ ] i
N} s (o) s) +3 . - © o~ WO Lh) @] s} ! +2 o] E 2
o o o=l o +2 o 4 = A2 A 43 A o PN ol
ES S St ) Y o1 @ o] o 5y < Q [} ~ ! o o = r={ o
s e} . o} Q +3 o=t e Q st & or= &S < 3 Q o =
Tao0d st bt e £y e = 4] o LT e i~ 43 © S [ e} = @
© (@] o5 & o =] = = (@] 1= O ) o o] G
L [ | @] d o (] ] t ] 3] =t . o] ) [ s pu Kl o ] i
Tu ~ O = s @ @) & (o] o 4= o= =i +2 v + = 91 e
e 24 & 4 ™y o= o1 < -r=f &4 e 3 ‘ = ™~ 73
Q O == R © o7 (4%} @ 42 8] += vret (@) ) [}
) L v () iy Je 53 w3 w6 @] (&) < & = oW
W o= 07 = o .n =2 = et i © o=t 42 © oo}
Nl ol s ] 0 = st b o=l £ £2 o
o b W) P (@] o] o : o 43 o . o =0 5 ]
3 42 - 3 + o © < & O] 5] 12 o} 0z P
T 4D i o Cy f=1 © = " 4 ) ol -t 5
G \ 3 an o 3 [ i o3 b += 73
@ W2 = [0 ) (e} 3 ~ = Cieq (] Q ] Q
+ ] + 9] O &) o) « b o I ) 1% o
W3 4o . ol o @ LIS o , ) ) +3 o3 4
@] 9] b} ) o] =] (3] o= < " Q 12 & al fimd 3 @]
B o R o R o o] i 3 3 (@] 3 @ i
=) [ oped £t 3 o Q Seq 3 o i
v} @ AN b < pE (&) S o © @] i erf 4
o =D (o} 9! ) © . o] Q I 0 o <+ o] [ oy [
“1 = i ot i [ o Ty e o [ o @]
43 +3 i3 +3 @ e L2 O o ~i ] 42 o +3
=t 2 Rt ) 7 b
: o o 3] +2 - Q
o ) G . 3 &) o b =
! £2 o= - 12 [ o] 49 Ea [}
T} 43 B | 43 L2 &)
42 € [} I 5] 2 hS} [ fag 4
3 o c o ) I (8] ] o
) Q) Q ! 0 © =
By MW o 0 [ o3
. e 3 w @] [ 2l 0] ord o4 ©
it B — " %] (@) . = o] @) 0 < o5 +3
@ - o 43 oo=f ' AR o 9] |3
Y D rd LN v +2 i) o G-t @ R U =t &2 Q
& C 1 0 i % O ] 4+ 4 B + 43 i
ES] 43 o] [0l o o o e D = s i Q =
il ] [ A = =4 oy &3 1] o 1 [ 6 U Fuf
= 1) o B 0] 1 ] © o] O o . 0]
o o [®) A 42 O +2 + PR 82
~~ L o e~ 2 W) S O~ = " 0] F= H o ¥
J+d w) B (2 +2 @ (¢} € Q 43} A Q H [ (o] -4 1
. un &~ O s (o] 0 o] et 3 ot jal 0 +2
4 = o = e i - = o=t 4 w3 b R Q
[0 u/ o7 42 © 73 o¥] =2 ) e + = e} ] w 3
‘ +3 43 = © L3 = Kie ot +2 $d o] 4> oped +ped & a3 [
= - - [« = 3 4 3 +3 fe fo Cef = (4] G i + )} 15



55,



FIGURE 8
CO, AND CO PARTIAL PRESSURES RAS FUNCTION OF TIME
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FIGURE 8 A.
CARBON WEIGHT LO5S RS FUNCTION OF MILLIAMP- MINUTES

CRRBON AT SAME POTENTIARL AS ANODE

WEIGHT,
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FIGURE 9
THERMO-ELECTRIC E.MF AS FUNCTION OF TIME
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-

A. Static experiments

.- ——a

5.1. Introduction.

Owing to the absence of a chemical reaction
between carbon monoxide and the oxide coated cathode, as
noted in section 4.3, it was possible to perform a series
of experiments with carbbn monoxide based on the experi-
mental method developed by Caress and Rideal®>. In this
method the decomposition of carbon monoxide wasg determined
as a function of electron energy while the electron current
was maintained constant by varying the temperature of the
cathode. Their reaction véssel was totally immersed in
liguid nitrogen, and therefore, and COp, was frozen out as
produced and the reaction could be followed by measuring
tlie carbon monoxide pressure as a function of reaction
time., They found tnat when pure carbon monoxide was used
no decomposition occurred below the ionisation potential
of 14 volts, followed by a very slight reaction until a
very large increase in the decomposition rate occurred
at 19 volts. Further thresholds in the reaction were
determined at %2 and 40 volts. They attributed the 19
volt threshold to the formation and subsequent reaction

of an excited gstate of the carbon monoxide ion.
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This seemed a sensitive method of detecting
thresholds and therefore it was used in this work to
determine the effect of the presence or the absence.of
a carbon film on the decomposition of carbon monoxide.
Besides this, 1t was important to determine the nature
of the carbon monoxide - carbon reaction in this apparatus

N
due to the large proportion of carbon monoxide produced

when working with carbon dioxide owing to the reaction

with the filament.

5.2. Experimental Procedure.

The electrode assembly used in this series of
experiments consisted of an oxide coated cathode surrounded
by 2 single aluminium anode of linear dimensions 8 x 8 cms.
For runs in the presence of carbon & carbon film was
deposited on the inside surface of the aluminium by
burning napthalene in air. Prior to placing the anode
in the reaction vessel it was heated to 500°C for thirty
minutes in a stream of nitrogen to remove any impurities
such és water vapour or hydrogen.

“hen the apparatus had been assembled it was degassed
by pumping at a pressure of below lO"Smm Hg for at least
thirty minutes while the walls of the reaction vessel
were heated to approximately 15000. After the apparatus
had cooled down to room temperature the oxide cathode

was formed and the anode was degassed by allowing a
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current of over 500 milli-amps to pass between the
electrodes for a few minutes.

The reaction vezsel was then switched off
from the pumps and was left to stand for at least 10
minutes while periodic checks were made on the pressure
to ensure tnat no air was leaking in or that sny gas
was desorbing from the electrodes or glass walls. The
reaction vessel was then filled with carbon monoxide
from the resevoir, via the needle-valve, to a pressure
of approximately T75mig. The appendage at the bottom of
the reaction vessel was immersed in liguid nitrogen in
order to frecze out any condensible gases if and when
formed. The level of liguid nitrogen was kept topped
up throughout the course of a single run. The cathode
—~anode potential difference was then adjusted to the
relevant value and the filament was switched on for
periods of 60 seconds each. The filament -~ transformer
feed variac was adjusted until the current measured on
the Avometor was 5.0 milli-amps. A steady current was
set up well within the first 5 seconds and could be
controlled to within X 0.1 milli-amps for the remainder
of each period. After each period of 60 seconds the
reaction vessel was allowed to stand and cool for a
period of 5 minutes before the carbon monoxide pressure
was read on the Macleod gauge. The pressure of the gas
collected in the appendage during the course of the run

was also measured.
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: FIGURE 10
LOG 1o Peo STATIC CHRRGES OF CARBON MONOXIDE
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FIGURE I
STATIC CHARGES OF CRRBON MONOXIDE
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Por the majority of runs the total reaction
time was such that the carbon monoxide pressure fell to
less than 30pHz. For runs 77 to 8l inclusive the mercury
vapour in the reaction vessel was reduced appreciably by
immersinz the trap between the reaction vessel and the

ilacleod gauge in a solid 002 - acetone mixture.

5.3. Results.

The results obtained are reproduced in figure
10 for the runs performed in the presence of carbon and
in figure 11 for the runs performed in the absence of
carbon, They are shown as plots of the carbon monoxide
préssure in microns Hg on a logarithmic scale as functions
of reaction time. I+t can be seen that in each case there
is a reasonable stréight line fi indicating that the
rate of carbon monoxide decomposition is proportional
to the carbon monoxide pressure.

The exponential constant obtained from each
plot is given in table 9 and reproduced as a function
of electron energy in figure 12. The fourth column in
table 9 gives the ratio of carbon dioxide formed to
carbon monoxide destroyed; theoretically this ratio
would be 0.33 for the reaction 3CO~>CO, + solids
and would be 0,50 for the reaction 2C0 ~>CO, + C.
The fifth column in table 9 gives the filament heating

voltage required to maintain a total current of 5 mA



69,



FIGURE 12
STATIC CHARGES OF CRRBON MONOXIDE
I* 50 mA. p= Poe"“t
0. AS A FUNCTION OF ELECTRON ENERGY
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during the course of a run. This total current is
composed of molecular or atomic ions in addition to
the primary and secondary electrons and the heating
voltage serves as a qualitative indication of the
primary electiron current.

Ingspection of fizure 12 shows that there is
a remarkable difference in behaviour of the reaction
rate for the decomposition of carbon monoxide as a
function of electron energy depending on whether carbon
ig present or absent. When carbon is pressnt the thres-
hold voltage is certainly less than 17 volts and when
carbon is absent the threshold voltage is between 24 and
26 volts. This phenomencn had been hinted at earlier,
in section 4.3%, when discussing tiie difference in
behaviour of the carbon monoxide partial pressure when
carbon dioxide wags irradicated with electrons of 25 eV
energy in the presence and -in the absence of carbon.

ihen comparing the results obtained in the
presence and in the absence of mercury vapour it can be
seen that mercury seems to have little effect, if any,
on the decomposition rate. The runs at 24 volts gave
identical results while the runs at 20 volits gave a
"lower value for the decomposition rate in the presence
of mercury than in it's absence, If mercury is to have
a significant effect on the decomposition of carbon

monoxide one would expect the presence of mercury to
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FIGURE I3
CURRENT OBTARINED AS FUNCTION OF VYOLTAGE
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enhance the decomposition rate either by a mercury photo-
gensitised reaction‘or by being an oxygen scavenger,

A reasonable approximation to the thresholds
may be obtained from‘studying the filament heating voltage
required to maintain a total current of 5mA in the reaction
vessel, This follows from the fifth column of btable 9
where it can be seen that a heating voltage of 6.9 volts
Wés required in run 89b where decomposition did not occur
whereas the heating voltage was significantly lower in the
remainder of the runs in which decomposition did occur.
Therefore a run (Run 92) was performed in which the current
was measured és a function of accelorating voltage using
a constant heating voltage of 6.9 volts. The results
obtained are reproduced in figure 1% and it can be seen
that a large increase in current is observed at approxi-
mately 14 volts. If a similar reaction is occuring in
the presence and in the absence of carbon these results
would support the conclusion that the threshold for
decomposition of carbon monoxide in the presence of carbon
occurs at approximately 14 volts.

This observed difference in current with
applied voltage, especially near the thresholds for
decomposition, led to the performance of a series of
experiments in a flowing system of carbon monoxide in
which the current was measured as a function of applied

voltage for constant filament temperature.
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5.4. Conclusions from Static Runs.

1) At constant currents the rate of carbon monoxide
decomposition is proportional to the carbon monoxide
pressure,

2) In the presence of carbon the threshold for decom-
pogition to commence is probably 14 volts.

3) In the absence of carbon the threshold for decom-

position to commence ig between 24 and 26 volts.

B. Flow experiments.

5.5. Experimental procedure.

The electrode assembly used in this series
of experiments was the same as in the static experiments.
A fresh filament was ﬁséd for each run and a fresh carbon
film was used for each run in the presence of carbon.

After the system had been degassed and the
filament formed the system was pumpéd for thirty minutes
under the highest vacuum obtainable. Carbon monoxide
was them pumped through the system at such a rate that
the pressure on the Macleod gauge was appfoximately 20pulg.
" The relevant potential was applied between the filament
and the anode and the filament was then switched on and
adjusted until it was at a temperature of 850°C., The
current was noted at half minute infervals‘and each run
was performed for a total time of 27 minutes. The

pressure in the system was measured periodically and,



74,



FIGURE 14

CURRENT FROM FILAMENT AT 850°C AS FUNCTION OF TIME

CARBON PRESENT CO FLOW PRESSURE 20 p Hg.
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if necessary, the needle-valve was adjusted to maintain

as constant a pressure as possible.

5.5. Results.

The results obtained in this series of
experiments are reproduced in graphical form in figure
14 for the runs performed in the presence of carbon and
in figure 15 for the runs performed in the absence of
carbon. The current is plotted on a logarithmic scale
as a function of time. As with the experiments in a
static system the results of these experimenfs in a
flowing system show a remarkable difference.in behaviour
depending on the presence or on the absence of carbon in
the reactlion vesssl.

For all three runs performed in the presence
of carbon the currents were very steady and at values
greater than 100 mA. and they were accompanied by an
intense pale blue glow digcharge.

For the runs performed in the absence of
carbon there was a much greater spread in values of
the current obtainable. For the runs performed at 20
and 25 volts the currents were again very steady, but
at very low values, and there was nc glow present in
the system. The run at %0 volts had an erratic current
characteristic and was accompanied by an intense pale

blue glow discharge. The run at 27 volts proved the
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FIGURE 16
RATIO of CYRRENT WITH CARBON ABSENT (I,)

CURRENT WITH CARBON PRESENT (I,)
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mogt interesting. At the start of the run the current

was fairly low and the discharge was faintly visible but
as time progressed the current increased rapidly and the
discharge increased in intensity until a seemingly steady
state was reached. It should be noted, also, that when
the apperatus was dismantled at the end of the runs at

27 and 30 volts a brownish deposit was noticed on the
aluminium anode and indicated that some form of deposition
had taken place. No such deposits were present at the

end of the runs at 20 and 25 volts.

The ratios of currents obtained in the absence
of carbon to those obtained in the presence of carbon are
given in table 10. It is assumed that the curreht obtain-
able in the prescnce of carbon and at an applied voltage
of 25 volts would be of the order of 300 + 100 mA. The
values of these ratios are reproduced in figure 16 as a
function of applied voltage. Once again there is a
definite sharp increase occurring between 25 and 27 volts
which is in agreement with the runs in a static system.

It should be remembered that all these runs
in a flowing system were performed using a constant
filament temperature and, therefore, an approximately
constant primary electron current. This would mean that
the large currents recorded would contain a great propor-

tion of ions and secondary electrons.
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5.7. Digcussion of results.,

It has been shown that in both the static
and the flow experiments the behaviour of carbon monoxide
under bombardment of low energy electrons is significantly
different in the presence of a carbon surface than in its
absence.

It was concluded from the static experiments
that, when a constant current is used, the threshold
energy of the electrons required to promote decomposition
is approximately 14eV in the presence of carbon and
approximatley 25eV in the absence of carbon. It was
concluded also that when the decomposition was at a
minimum the contribution %o the total current by the
primary electrons from the filament was at a maximum.
This suggests that ions play a major role in the
decomposition mechanism,

It was concluded from the flow experiments,
in which a constant filament temperature was used, that
the ratio of the current obtained in the absence of
carbon to the current obtained in the pressnce of carbon
underwent a marked transition at between 25 and 27 voltis.
This transition point marked also the appearance of an
intense pale blue glow discharge and the appearance of
solid deposits in the reaction vessel. Owing to the
close agreement of this transition point with the upper

threshold veaelue from the static experiments it is



80.

reasonable to conclude that the same phenomenon is being
observed in the two cases when a carbon surface is absent
from the reaction vessel. That the current was consider-
ably higher in the cases where decomposition was known to
occur supports the hypothesis that ionic species are
important in the decomposition mechanism.,

A qualitative idea on the difference in behaviour
of carbon monoxide decomposition in the presence and in the
abgsence of a carbon surface may be obtained from the work
of Bromley and Strickland—Constable56 who postulated that
the rate of a reaction which produces a solid and a gaseous
product, such as 200:002+C, mnust be proportional to the
amount of solid product present, Their argument was as
follows: <consider a vessel with inert walls and contain-
ing carbon in equilibrium with CO and 002. In this system
the rate of the reverse reaction

Co, + C = 2C0

2
must certainly be proportional to the surface
area of solid carbon present since the carbon is in this
case one of the reactants. But, since the gase are in
equilibrium it must be assumed that the forward and back
reactions are proceeding at equal rates in opposite
directions: thercfore, the rate of the forward reaction
must also be proportional to the surface area of carbon

present; and this will apply, at any rate approximately,

even when the system is not in equilibrium.
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They concluded, therefore, that the rate of
the reaction of CO with CO vwill be proportional to the
surface area of carbon present. Physically this must
be explained by assuming that the reacdion proceeds as a
catalytic reaction on the carbon surface. In the gbsence
of any free carbon the initiation of the reaction 2C0 =
002 + C may be expected to be attended with special
difficulty.

This argument was developed to explain the
normal thermal reaction but, if it can be applied also
to the radiation induced reaction, it does give a qual-
itative explanation of why more energy is required to
initiate the decomposition of carbon monoxide in the
absence of a carbon surface.

hat is now needed is a quantitive explanation
of the energy difference and an idea of the reactions
involved in the two cases. If the ascumption that the
threshold energy in the presence of carbon is approxi-
mately 14 eV is correct then the primary step in the
decomposition mechanism will be

CO + e ~AoCOT + 2¢ ..... 14.1eV.

The ion may then react in one of three possible ways:

1) by recombination with an electron leading to dissocia-
tion into carbon and oxygen atoms and the subsequent

reaction with the carbon surface.



i.e. CO+ + e —» Q0% —> (0 + 0
c, + 0 — c(0)
c(o) + 0 — 002

C(0) + €O —» CO, + C
=

The reaction CO + 0 — OO2 is ruled out since this would
be independent of the carbon surface.
2) by direct reaction of the ion with a surface oxide
already present

o™ + ¢(0) ~ ©0," + O
and subsequent neutralisation of the dioxide ion. This
reaction could take another form wherin the COT ion is
adsorbed on the carbon surfzce and subsequently reacts
with a further adsorbed ion or with a CO molecule coming
from the gas phase.
or 3) by reaction with a neutral CO molecule in the gas
phase +to form a metastable ionic complex which reacts
with the carbon surface to form carbon dioxide

Co™ + €0 —» c0.C0"

€0.c0" + ¢ —5C0.* + 2c

s 2 8

In the last two alternatives proposed a positive
ion is assumed to react with or be adsorbed by the carbon
surface which is positively charged. This is feasible
since a discharge is present in all cases where decompoSie
tion takes place. Under discharge conditions most of the

potential drop takes place close to the cathode and thus
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there is only a slight potential gradient near the anode
which the positive ions would have to overcone,

An alternative mechanism which could explain
the results is the ionisation of a carbon dioxide surface
complex and the subseguent break-away of this ion from
the surface:

COn~>C + O

Ce + 20 —> 6(0,)

c(0,) + e —> 0(02)+ + 26

+
2

c(0,)" — o
Possible support for this last mechanism comes
from the third step enumerated which is a current multi-
plication process. 3uch a process must occur in order
that the large currents noted in scction 5.6 may be
obtained. Furthermore, in the runs performed in the
absence of carbon these large currents were obtainable
only in the cases where carbon deposits were formed and
this finding may indicate that the current multiplication
process does take place on the carbon surface. |
hen carbon is absent from the reaction vessel
the threshold for decomposition to coumence is between 24
and 26 eV. The possible excitation processes known to
occur in this region are as follows:-
co ~=cT(*s) + ot (*s) ..... 23.6ev
~~s 0(%p) + 07 (*8) ..... 24.8eV
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Ao o(dD) + 0T (%5) ..... 25.8e7
Ao 00T ceee. 25.7eV
If one of these excitation processes leads to
the decomposition of carbon monoxide in the absence of
carbon it should be possible to use it to explain how
the carbon monoxide decomposes purely in the gas phase.
he first process involves a negative ion and
would not be expected to play a major role in the decom-
position owing to its difficulty of production and 5180
owing to the rapid recombination reaction expected to
occur. However, the oxygen ion could react with a CO
molecule and the carbon ion could be electrically
attracted to the 2luminium anode where it would form
a carbon deposit
i.e. €0 ~~» ¢~ + 0F

co + ot — co,

-

C™ + Anode —> C(_

+

Once the carbon deposit formation reaches a critical
rate or size one would expect the overall reaction 1o
be consistent with the "carbon present” case. This would
explain the fact that the rates of decomposition in the
ecarbon present" and the '"carbon absent" cases appear to
approach one another at -electron energies greater than
30 eV, as shown in figure 12.

The middle two processes, occurring at 24.8

involve an
and 25.8 eV,/oxygen ion only and the reaction scheme in
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these cases could lead to the gaseous formation of 002
in a similar manner to above.

00 n~s L) 07 1 6

co + 0" —= co,"

o)y o(*) ¢
The last reaction in this scheme would be the initiation
of the carbon deposit formation,

The process leading to the formation of an
excited carbon monoxide ion occurring at 25.7eV could
possibly promote the gaseous decomposition to 002 in the
following scheme:-

60 ~> 0ot + e

cot® + co —s (co.coh)”

(0.c0%)" —> 00" + ¢

C+ C —_— 02
This reaction scheme is made feasible when one considers
the fact that the excitation energy of the carbon monoxide
ion is 11.6eV above the ground state and, therefore, it
has sufficient energy to dissociate a neutral carbon
monoxide molecule,

In this discussion various reaction schemes
have been suggested for the decomposition of carbon
monoxide both in the presence and absence of free carbon.
There is no conclusive evidence to support any single
one of these but they may lead some light on the mechanism

of carbon monoxide decomposition. However, it is apparent

that ilons do play a major role in this decomposition.



5.8. Summary

It has been shown that the threshold energy
of the bombarding electrons required to promote decom-
position of carbon monoxide depends on the presence or
absence of & carbon surface in the reaction vessel., In
its presence the threshold energy has been found to be
1l4eV, while in its absence the threshold energy has
been found to be approximately 25cV.

In a static system, in which constant currents
were used, the rate of decomposition has been found to
obey a first-order law.

In a flow system, in which constant filament
temperatures were used, it has been found that under
conditions where carbon monoxide decomposes much greater
qurrents were obtainable than under conditionsAwhere
carbon monoxide remains stable.

The threshold obtained at 25eV in the absence
of a carbon surface has been shown to be the appearance
potential of a pale blue glow discharge and also the
appearance potential for the formation of carbonaceous
deposits.

From the excitation and ionisation thresholds
known to occur in carbon monoxide it has been possible
to construct several reaction mechanisms which could
possibly explain the observed phenomena but there is no

conclusive evidence to support any single one of them.
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CHAPTIR 6
SPECTROGRAPHIC STUDY OF THE GLOW DISCHARGE.

6.1, Introduction.

A constant feature of the work carried on
with this apparatus was the presence of a glow discharge
in the reaction vessel when currents greater than
approximately 10 milli-amps were employed. A dischafge
could be produced in mercury vapour, carbon monoxide or
carbon dioxide and in all thrée cases 1t was pale blue
in colour. Purthermore, it was noted in section 5.6
that the discharge was present only in the cases where
carbon monoxide was found to decompose and- this would
tend to indicate that the species responsible for the
decomposition could possihly make some contribution to
the spectrum of the discharge. Therefore this spectro-
scopic study of the discharge was undertaken to deter-

mine the species responsible for its appearance.

6.2. Experimental Procedure and results.

The electrode assemly was set up as described
in section 5.2. The aluminium anode had linear dimensions
of 8x7 cms to enable a wide vertical slit to be included
in the anode to give a reasonable radiation intensity
at the spectrograph slit. The plane of the anode slit

was focused onto the plahe of the spectrograph slit to
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enable the discharge occurring near the carbon surface
to be photographed. The instrument used was a Zeilss
medium quartz spectrograph which had a working range of
2000 to 5600 4° but the Pyrex walls of the reaction
vesgel set a lower limit of the spectra obtainable at
2900 A°. The photographs were taken using Ilford HP3
plates.

‘ The apparatus was set up as previously
described and photograths were taken of the spectra of
the discharge produced under the following conditions.
a) Evacuated vessel. This corresponded to pressures

less than 1072

mm Hg on the iacleod gauge and meant that
the gas in the reaction vessel was predominantly mercury
vapour. |

b) Flowing CO with carbon present and with mercury
vapour present or absent. The mercury vapour was excluded
from the reaction vessel by shutting of the tap between
the reaction vessel and the Macleod gauge.

¢) Flowing 002 with carbon present and with mercury

wvapour present or absent.

d) TFlowing CO

5 with carbon absent and with mercury vapour

présent.
In order to obtain reasonable exposure times -
of the order of 30 minutes -~ currents of the order of

200 mA had to be employed in all cases.
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Photographs of the spectra obtained for
conditions a), b) and c¢) are reproduced in figures 17
and 18. The following features can be observed in the
gpectra:
1) In figﬁre 17 the "evacuated" spectrum corresponds
to the pure mercury discharge. In figure 18 the
corresponding spectrum shows traces. of the CO+ comet—~
tail system.
2) The spectra obtained in the ﬁresence or absence of
mercury vapour are identical except for the presencé or
absence of the mercury lines. This shows that the mercury
has no effect on the main spectra and from this one could
possibly conclude that mercury has no effect on the
reactions of CO and 002 with the carbon surface.

%3) The spectra obtained with CO and CO, are identical

2
in so far as they have exactly the same band systems
present although the relative intensities of the indiv-
idual band systems are somewhat different in the two
cases., The spectrum obtained with carbon absent and
with flowing CO, (not shown in text) appeared to have
exactly the same form as when carbon was present.

The analysis of the spectrum obtained with
flowing CO in the presence of mercury vapour and carbon
(figure 17b) is given in table 11 and the analysis of

the spectrum obtained with flowing C02 in the presence

of mercury vapour and carbon (figure 18b) is given in
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table 12, The band hezds were measured to approximately
‘l‘AO by using a three constant formula for the
wavelength scale and were identified using the tables

compiled by Pearse and Gaydon57. The band systems

definitely identified are given in table V.

TABLE ¥

Band systems identified in spectra
+

1) ¢o Comet - tail
2) €O Angstrom
3) CO 3rd Positive

4) CO Triplet

5) CO,  Fox, Duffendack and Barker
6) Hg (line spectrum)

7) N2 2nd positive

8) N," 1st negative

The two nitrogen band systems were identified
in the CO spectrum only and arose probably from being an
impurity in the original supply cylinder. The absence
of other band systems in the CO spectrum and the absence
of any foreign band system in the CO2 spectrum served to
demonstrate the purity of the inlet gases.

The extremely crowded nature of the overlapping
band systems identified may have masked the presence of
weaker band systems or line spectra but it can be concluded

that there was no evidence of appreciable concentrations of
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FIGURE 19
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0, O+, 05, 02+ or ¢* in the discharge., This does not
mean that such species are not present since their "free"
life~time may be much shorter than their radiative life-
time; i.e. tThey may undergo chemical reaction before
they have a chance o be detected by the spectrograph.

A diagram of the electronic cnergy levels
involved in the band systems identified for CO and co*
is reproduced in fiagure 19. In this diagram the full
lines represent the band systems identified from the
spectra and the broken lines represent systems probably
present but undetected due to the lower limit of 2900 A°
imposed by absorbtion by the pyrex walls of the reaction
vessel. The Cameron bands extend from 2600 to 2000 AO,
the 4th positive bhands extend from 2800 to 10004° while
the Hopfield and Birge extend down to less than 10004°,

In table IIL of section 2.2 the values of the
digssociation limits for CO2 are given in electron volts.
These values correspond to approximately 2,240 A% for
the production of O(?P) atoms, 1670 A° for O(lD) atoms
and 1,270 A® for O(lS) atoms. This demonstrates that
the far ultra-~violet bands are energetic enough to
photolyse the carbon dioxide. This may have a significant
effect in all the reactions studied in the presence of

the glow discharge.
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CHAPTER 7
CARBOMN-14 TRACER TECHNIQUE

7.1. Introduction

When employing currents of the order of 200
milli-emps Clexton53 was 2ble to obtein cerbon weight losses
of approximetely 3:(10"1+ milligrems per milli-amp minute.
These currents were obteined with an eccelereting voltege
of 25 volts 2nd could be meinteined for periods of time of
60 minutes or longer. This mesnt thet significent weight
chenges could be obtcined in @ reesonesble reaction period.
However, when lower eccelerating volteges ere employed with
the electrode essembly used the current falls off dresti-
celly end to obtein the same weight losees the reaction
times would become correspondingly longer. To overcome
this difficulty 2 cerbon-1l4 trecer technique hes been de-
veloped to increcse the sensitivity of the epperestus so
thet lower voltages end, more perticularly, lower currents
cen be employed. The cerbon surfeces prepsred by burning
nepthelene in #ir and depositing the soot onto 2luminium
backings.were replaced by cerbon-1l4 dobed surfeces prepered
by cracking methene onto suiteble becking meteriesls. The
reactions of geses with these surfeces could be monitored
by following the trensfer of cerbon-14 from the solid

phese into the ges phese.
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Three possible methods of monitoring the cerbon-

14 were considered:-

1)

the clessical method of converting the cerbon-14

to 002, ebsorption of this in sodium hydroxide

lhag

solution end finelly precipitetion es Be H

the Ball*CO3 semples then being counted with o

thin-window Geiger counter;
the use of thOZ es pert of the filling ges of
e 002-652 Geiger counter;

the use of 2 ges scintilletion technique.

The first method hes been used by many workers

end has been found to be very reliesble if somewhet cumber-

some in applicetion. Its mein disedvantege is the low

efficiency obteineble of o few percent end it wes not con-

sidered further. The second method has en efficiency of

100% but trials to be described in section 7.2 have shown

thet reproducible #nd reliable filling mixtures for the

Geiger tube are difficult to obtein. The third method of

monitoring cerbon-1l4 with 2 ges scintilletion technique

wes finelly 2adopted end hes been found to be simple and

relieble in operetion with counting efficiencies of the

order of 50%.
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7.2. Internel Geiger-counting technique

The use of en internsl ges Geiger counter to
monitor ll*CO2 wes first reported by Brown end Miller58’59.
They found that setisfectory counting cherecteristics

could be obteined by filling a2 Geiger tube with CO, in the
pressure renge of 10 to 50 cms. Hg mixed with epproximetely
2 cms. Hg. pressure of 082 which acted rs & cerrier ges.
They obteined good Geiger-Miller plateaus in the région
between 2500 end 4500 volts, depending on the filling pres-
sure, and the pletesus generslly were between 200 and 300
volts wide. In this region the counter wes 100% efficient
end meesured the absolute disintegretion rete.

A diesgrem of the ges hendling train for filling
the Geiger tube employed in this work is reproduced in
figure 20. 1In this trein provisions ere mede for filling
the tube with an inective C0,-CS, mixture and for converting
CO to CO, to ensure thet eny ges entering the Geiger tube
from the reesction vessel is 002 only. This letter provision
is made necessery since it wes shown in section 2—7 thet
the gesificstion of 2 cerbon-14 surfece lesds to the ap-

pearence of thO andlh

002 in the gas phese.

Madley end Strickland-Consteble®®, smong other
workers, have shown thet Hopcelite is an efficient oxidis-
ing agent for CO et low pressures. Hopcalite, supplied by

Hopkin end Williems Ltd., is o commercial oxidising sgent



99.

end is dee.up from & mixture of metellic oxides. IExperi-
ments were cerried out on the oxidstion of CO to CO, by
Hopcalite under o veriety of conditions in order to deter-
mine the best method of use. It was found thet the most
efficient end fastest way of oxidising very smell quentities
of CO wes to use epproximetely 50 mgms. of Hopcalite heated
to 100°C by an electric furnece and to collect the CO, in

2 liquid nitrogen cooled trep #s soon &s it wes produced.
Lerger quantities of Hopcalite or dispensing with the
liquid nitrogen cooled trep resulted in loss of ges by
sbsorption on the Hopcelite which was difficult to recover.
With this method efficiencies anproasching 100% for con-

verting CO to CO., could be obteined resdily end reprodu-

2
cibly. Periodicelly the Hopcelite sample hed to be renewed
since with eech cherge of CO oxidised the rste of conver-
sion would successively decresse. Attempts to re-activete
spent Hopcalite semples by heeting in en oxygen etmosphere
proved inconsistent. Prior to use esch fresh sample of
Hopcelite wes degessed by heeting to 25000 while pumping
2t less then 10™° mm. Hg. for several hours.

Analer grede cerbon di-sulphide wes stored in
the bulb es shown in figure 20 and smell quentities of
vepour could be obteined by elternately opening end closing

taps Gy and G5. The pure CO, filling ges for the Geiger

tube wes obteined from the storege section described in
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section 3.1.

The Geiger tube used wes 2 GAIOM tube supplied
by 20th Century Electronics Ltd. end it hed cylindricel
dimensions of rsdius 1.5 cms. ond length 18 cms. The tube
consisted of o cylindricel steinless steel cethode end o
fine wire 2node running down the exis. It could be ettached
to the vecuum system by means of # B10 cone snd socket
joint end hed o cold finger rttesched to it for trensfer of
condensible geses. Prior to eny run the tube wes degessed
to less than 10~ mm. Hg. while being heated to 200°C,

It was decided thet the filling mixture would be

20 cms. Hg. pressure of CO, end 2 cms. Hg. pressure of CSZ'

2
At the stert of eny run this blenk mixture wes frozen out
into the Geiger tube - the relevent pressures being
messured on the mercury menometer.

In thesc triel experiments cerbon-1l4 ges semples
were obteined by rescting CO2 with » cerbon-14 conteining
surfece deposited onto » cylindricel silice becking of
radius 1.5 cms. end length 8.0 cms., The electrode errenge-
ment in the reection vessel wes similer to thet shown in
figure 3 with the silice replecing electrodes Al end A2.

Stetic cherges of CO_ were irrediested for verious lengths

2
of time end at the end of esch reection the CO produced
wes oxidised to 002 end the totel amount of 002 wes then

trensferred to the filled Geiger tube. The Geiger tube
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FIGURE 2
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wes then isoleted from the vecuum system by closing teps
G6 end G7 snd transferred to the counting system.
The use of counting equipment used to monitor
the radio-ectivity in the gfs mixture wes kindly offered
by Dr. D.W. Turner of the Chemistry Depertment ~nd consisted

of the following units:-

1) - H.T. Unit working to 4000 Volts

2) I.D.L. Cathode Follower Type 658

3) I.D.L. Wide Band Amplifier Type 652
L) I.D.L. Sceler Type 1700

The first few samples messured showed no Geiger-
Miuller counting cherecteristics and the tube went into 2
continuous discherge at spproximetely 3000 volts. This

indicated thet the C02—CS filling wes not self quenching

2
and thet an clectronic quenching circuit would heve to be

~employed. Therefore, following Eidinoffél

, » Veher-Herper
gquenching circuit modified for use ¢t high volteges was
constructed,

The circuit diegrem of this quenching circuit is
shown in figure 21. The velve used is on R.C.A. treons-
mitter triode type 811. This velve is biesed to cut-off
by the 50 x lO3 ohm potentiometer so thet in the quiescent
stete no current flows through the 10 x lO6 ohm resistence.

Once 2 negetive pulse is developed in the Geiger tube the

voltege 2t the enode drops end the velve becomes conducting
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end current flows in the grid circuit. This current czuses
2 potentiel drop to develop rfcross the 10 x lO6 ohm resis-
tence ond thereforec the potentiel of the cesthode of the
Geiger tube rises. This risc in cethode potentirsl drops
the potentiel ecross the Geiger tube to below its threshold
valﬁe end thus prevents spurious discherges occurring end
being counted on the sceler.

With this circuit instelled the counting cherec-
teristics improved somewhet and the tube no longer went
into & continuous discherge 2t 3000 volts. OCf the twelve
fillings investigeted only one geve setisferctory counting
beheaviour with 2 reesoneble pletersu ond single pulses. The
remeining eleven semples epch hed 2 very short pletezu and
over this region eech 'pulse' wes recorded a2s » burst in
the counts rccorded of the order of 1000 events. This
demonstrrted thet the quenching circuit was not functioning
setisfectorily end thet these spurious discherges were due
probebly to negetive ion formertion of some impurity in the
tube.

Rather then develop this technique eny further
it wes decided to go over to 2 ges scintilletion technique
which hed been proved by other workers to be comperetively

efficient ~nd simple in operation.
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7.3. Ges scintilletion technique

L ges scintilletion technique for monitoring the
radietion from week g-emitting gases wes first reported by
Strenk562 and the method sdopted here hes been developed
from his work by the Chemistry Division of AERE, Herwell,
Essentielly the method consists of transferring the radio-
cctive ges to 2 gless cell whose wells efre costed with e
thin film of scintilletor snd counting the scintillestions
produced with ¢ stenderd photo-multiplier sssembly. In
this method the counting is completely independent of the
chemicel form of the isotopic species end of the presence
of trece impurities es long ¢s the isotopic species end
the impuritics ere in the ges phese. This leeds to extreme-
1y simple ges-hendling techniques end to very ~Pccurate re-
producibility.

In this work the chemical form of the isotopic
species would be cerbon-14 monoxide end carbon-1l4 dioxide
end the ges hendling techniques ere to trensfer these two
components to the scintilletion cell. Cerbon dioxide wes
transferred by the use of liquid nitrogen. The carbon
monoxide wes trensferred by absorption on silice gel.
When cooled to 779K silice gel is esn efficient absorber

of cerbon monoxide and resdily releesses the rbsorbed ges

when wermed up to room temperature.
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FIGURE 22

ANALYSIS SECTION FOR GAS SCINTILLATION COUNTING
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A diegram of the snelysis section used for the
ges scintilletion counting is reproduced in figure 22,
The Pireni heed P; wes connected to #n Ionisetion end’
Pirani Vecuum Gauge, lModel I, supplied by Edwerds High
Vecuum Ltd., end served es & resdy check on the ges pres-
sure in the epberatus in the renge between 1 snd 200 pHg.
Thé cepillery bleed section'served to collect 211 the ges
employed in single pess flow runs in order thet it could
be enalysed for cerbon-1l4 content. 4t the end of @ run
this ges was trensferred to the Topler pump section to be
trensferréd to the ges scintilletion cell. A cepsule con-
taining 0.5 pC of 1’*002 of specific sctivity 50 pC/mM wes
connected to the system below tep 85 end served to deter-+
mine the counting efficiency of the scintilletion cell
eccuretely and reesdily. The enalysis section was connected

to the reesction vessel vie tep T end to the evecueting

10
pumps v;a tap Tll‘

Owing to the build-up of cerbon monoxide from
the thermel resction of CO2 with the filament, discussed
in section 4.3, stetic runs could be performed for short
reection periods only. Flow runs reduce the concentration
of cerbon monoxide in the reesction vessel but in using
cerbon-14 211 the ges employed in e reaction needs to be

collected end with this in view the cepillery bleed section

wes constructed. A diegram of this section is reproduced
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FIGURE 23
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in figure 23. It consists of a large-bore two-way top
S, - in one erm of which was placed 2 short section of
capillery tubing. During the course of 2 run ges would
bleed through this cepillery from the resction vessel end
the condensible frection would be frozen out in the large
liquid nitrogen trap (B) while the non-condensible fraction
would collect in the lerge spherical vessel (C) of cepacity
L litres. The Pireni head P2 served to monitor the pres-
sure build-up of the non-condensible frection. This bleed
pump would work £s long 2s the pressure inside it wes lower
then the pressure in the rezction vessel. The reection
times end currents in the reaction vessels were ususlly
such thet this pump worked sstisfrctorily end the cerbon
monoxide build-up was never greet enough to ~ffect the
flow rete eppreciebly.

| 4L diegrem of the Topler pump system finslly em-
ployed for filling the scintilletion cell is reproduced
in figure 24, The scintillation cell is stteched to the
section with en S13 bell and socket joint ebove tep P, and
the section is etteched to the remeinder of the system via
two S19 bell end socket joints in the side-arm of tep Py

The two T-bore teps P, 2nd P_ mey be sdjusted so that

1 2
002 mey be frozen out on the cold fingér in the main body
of the pump,-CO may be ebsorbed from the reection vessel

onto the silice gel in the tube below Pl end subsequently



109,



FIGURE 24

TOPLER PUMP SYSTEM FOR FILLING SCINTILLATION CELL
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releesed into the mein body of the pump and that the cell
mey be filled by flooding the mein body of the pump witﬂ
mercury from the reservoir below tep P3 until the level
of mercury is just below tap Ph' L trap is situated be-
tween the mein body of the pump and tep P3 to prevent air
being swept into the pump by the flowing mercury.

- The C02 frection wes transferred to the cell
simply by ellowing the cold finger to werm up to room tem-
perature 2nd filling the cell in 2 single action of the
mercury level. The CO frection wes trensferred to the cell
by successive exposures of the pert of the section below
tep P2 to the mein body of the pump and then transferring
the portion of CO in the mein body to the cell. The volume
of thé tube conteining the silices gel snd the volume
between teps P1 Pnd‘P2 were kept to & minimum s these
constituted dead spaces. Three cycles ere sufficient to
trensfer over 99% of the CO to the celi. Once the cell
is filled it mey be rcmoved from the pump snd pleced in
the counting essembly for enelysis of cerbon-lh content.
A1l the teps end connections in the TOpler pump section
were lubriceted with high-vacuum silicone greesse since
mineral greeses would give rise to high, erretic beckground

counts if swept into the scintillation cell owing to their

scintilleting properties.
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The sciﬁtillation cell ~nd essocirted monitoring
assembly were supplied by Penex Equipment Ltd. The cell
was designed to fit into » stenderd leed cestle, type SC-LP,
which housed 2 6097 SP photomultiplier tube. The electro-
nic equipment consisted of a Deketron sceler, type D 657C,
end e'pre-9mplifier, type 4250H. /4 check on the perfor-
mence of the electronic equipment snd the photo-multiplier
wes provided by 2 seeled liquid scintilletor reference
source, type CR-35. With working conditions of 1500 V.
H.T., 12 V. discriminator biess end o pre~smplifier gaoin of
X200 the tube noise wes of the order of 20 c.p.m. #nd the
cell beckgrounds werc of the order of 40 c.p.m. The
efficiencies of counting of the cells veried from 25% to
60% depending on the individuel cell end the condition of

its scintillestor coeting.
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FIGURE 25

ELECTRODE ARSSEMBLIES USED WI!ITH CARBON-14 SAMPLES
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CHAPTER 8
" EXPERIMENTS WITH CARBON-14

i, Cerbon-14 on Silice

8.1. Corbon-1l4 Semple

The cerbon-1l4 semple used in this set of experi-
ments wes prepered by Mr. R.S. Sech of AERE, Herwell -
the method of preperstion being described in reference 51.
The cprbon-lh wes deposited onto 2 semi-cvlindricel silice
becking of redius 1.6 cms., length 8.0 cms. ond thickness
0.2 cms. by crecking cerbon-l4 lebelled methene =t 1100°C.
This method of deposition resulted in the formetion of ¢
uniform film of pyrolytic crrbon with the seme specific
ectivity es the initiel methene of epproximetely 4O pC/mM.
The totel sctivity of the film wes of the order of 12 uC.
The use of 2n insuléting meteriel, such »s silice, es 2
becking resulted in the semple heving # high electricel

resistonce.

8.2.1. Stetic experiments ot 0, 15 2nd 20 volts

The electrode essembly used in the first series
of expériments is shown in figure 25 =5 the type L essembly.
The cerbon-14 semple wes strepped to #n 18 s.w.g. steinless
steel wire support cege together with an eluminium foil
snode - the filrment being situsted in the centre of the

essembly. With this type of electrode essembly the cerbon

{
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wes 2lways ¢t the seme potentisl =s the enode.

Runs were performed in o stetic system of COp
¢t #n initiel pressure of 60 pHg. The required escceler-
ating potentiel was epplied between the filement end the
anode end then the filement wes switched on for 2 known
period of time with the current being measured ot reguler
intervels. The runs et zero volts ﬁere performed by con-
necting the enode to one side of the filament.

4t the end of eech rerction the rcsultent ges
mixture wes enelysed for fractions condensible e#nd non-
condensible 2t 77°K before being transferred to the gos
scintilletion cell for meessurement of the cerbon-1l4 con-
tent of the grs phese.

The ges scintilletion cell used in this series
of experiments hed sn efficiency of epproximetely 10% end
geve » background count of 3023 counts per minute.

The same filament wes used throughout this series

of experiments.

8.2.2. Results

The results obteined ere given in teble 13 of
the sppendix. In this teble Pi refers to the initisl CO,
pressure ond PfCO2 snd PfCO refer to the pertisl pressures

of CO, and CO =t tﬁe end of the rersction -~ 211 pressures

2
being meesured in microns of mercury. The lest column
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FIGURE 26
CARBON-i4 ACTIVITY IN GAS A5 FUNCTION OF MILLI-AMP MINUTES
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gives the cerbon-1lh ectivity in the ges phrse meessured in
couhts per minute. This ectivity includes the cell back-
ground count of 30#3 c.p.m,

From teble 13 it cen be seen thst the runs per-
formed with zero sccelersting ficlds geve rise to smell
but significant ectivities in the ges phese. These activi-
ties might have orisen from the thermel decomposition of
a surfece oxide.complex owing to the hesting up of the sur-
fece during ¢ run or, #lternatively, from the thermel dis-
sociation of cerbon dioxide on striking the filement end
the subsequent reesction of the oxygen stom with the cerbon-
14 surfece.

The results obteined from the runs performed at
15 #nd 20 volts ere reproduced in figure 26 es a plot of
the cerbon-14 sctivity in the ges phase os » function of
milli~emp minutes. From this figure it con be seen thsat
the mejority of the runs performcd ot 20 volts geve 2 lineer
incrcese in the cerbon-14 ectivity with incressing millismp-
minutes - thus demonstreting the effect of o rediolytic |
reection taking plece ¢t this voltegec. Run 109 gave a‘
significently higher reesction which is unexpleined. From
these runs it is epprrent thet the rediolytic reection
ce/n best be detected in the range of 8 to 20 milli-emp
minutcs &nd currents in the region of 3 to. 10 milli-2mps.

However, from the results obteined from the runs at 15
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volts it is epperent thet, wifh the electrode essembly

- used, the currents st low voltrges ere¢ less then 1 milli-
Pmp.’ This entziled long re~ction times ond resulted in

a lerge scetter in the fow results obteined owing to the
low esctivities produced 2nd ~1so to probpﬁle veriations

in the thermel effect from run to run. Therefore, no con-

clusions could be drewn from thé results 2t 15 volts.

8.3. Effect of geometry

Owing to the cerbon-1lh rctivity detected after
zero volt rerctions the carbon semple wes rcmoved from the
vicinity of the filement in order to prevent the cerbon
being hested up during the course of o run. The elcctrode
essembly used is shewn in figure 25 s the type B sssembly.
The cerbon semple wes suspended below the level of the file-
ment #/nd eluminium enode by twoilengths of‘tungsten rod,

Runs were performed es described in section 8.2.1

and the results so obtrined sre given in teble 14. For
runs 141 to 146, inclusive, ¢ bere sluminium snode wes used
either eerthed (a2t the ssme potentiel es the filesment) or
et the same potential o2s the anode., It cen be seen from
the results of these runs that there wes no significant
resction with the cerbon surfece even for resction times of
10 minutes. This indicrted thet the species responsible

for the cerbon gesification were not reaching the sample.
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In order to increese the concentretion of reec-
tive species by incressing the current in the system o
éarbon soot wes deposited on the 2luminium fsnode by burning
nepthelene in eir. Llthough this did increese the current
from 1 to 80 milli-2mps there wes still no cerbon-l4 acti-
vity in the ges phese - 2s the results of runs 148-150
show., During these runs #n intense prle blue discharge
occupiea the sprce between the filement s2nd enode but did
not eppear neer the cerbon-1l4 semple.

In view of these findings the electrode rssembly
finelly employed is shown in figure 25 #s the type C as-
sembly. In this essembly the cerbon-14 semple is ot the
seme level 2s the s2luminium enode but they sre suspended
independently so thet their elecctricel conditions could be

chenged independently of each other.

8.4, Effect of surfece condition

In the following series of expcriments, performed
in a st~etic system of 002 2t en initipl pressure of 60 uHg,
the type C elcctrode Pssembly wes used with ¢ nepthelcne
cerbon film deposited on the snode to increesse the current.
The cerbon-14 semple wes held ot the same potentisl 2s the
filesment. The results obteined ere given in table 15.

The lest column of this teble gives the ~ctivity produced

per milli-amp minute for eech run.
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Inspection of this lest column shows that the
first run of the series (run 167) geve by far the highest
velues Prior to this run the crrbon-14 semple hrd been
exposed to the estmosphere for 2 period of spproximetely
5 wecks £nd this would hrve hed 2 profound effect on the
condition of the surfrce. The most unusuel effect during
this run wes the eppecrance of on intense locelised dis-
cherge on the semple. This discherge took the form of
four or five very intense prtches on the reverse side of
the semple ~ cach being epproximetely 5 mm. in dismeter end
similer in colour to the ges phese glow. The normel dis-
cherge in the inter-electrode sprce wes feirly intense end
uniformly distributed throughout the region. Since it wes
present in 211 the runs, it is probeble that the increased
ectivity in run 167 wes due to thc loczlised discherge.

Attempts to reproduce the condition of the sur-
face prior to run 167 by exposing it to cerbon dioxide and
oxygen for long pericds of time proved fruitless »s teble
15 shows,

The results of section 8.4 in which it wes found
thet no resction with the cerrbon-1l4 semple took plece when
it wes removed from the vicinity of the discherge volume
and of this section in which it was found thet # much
grester resction took place when » locelised discharge wes

present on the cerbon-14 surfece seem to indicete that the



120.

presence of the dischaorge is ¢1l1 importent in the gesifi-
cation rerction. This merns thrt the rcective species must
certeinly be present in the discherge end should heve been

detected in the spectrogrephic work.

8.5.1., Flow experiments 2t 25 volts

Owing to the low esctivity produced by the low
currents obtained in the stetic system, s noted in section
8.2.2, runs were performed in ¢ flow system using the capil-
lery bleed system described in section 7.3 to determine
whether the cerbon-14 semple could be used in experiments
with lower cnergy electrons or not. The cepillery tubing
used had an internel diemeter of 2.0 mm end 2 length of
epproximetely 20 mm. This errsngement geve a2 flow rete
numericelly equel to the pressure in the rerction vessel -
i.e. with 2 pressure of 60 pHg in the reection vessel the
flow'rete wes 60 pHg/min. In this series of experiments
electrode #ssembly type C wes used.

Prior to 2 run the rersction vessel, the cppillpry
bleed, the Topler pump ond scintilletion cell were evocu-
ated to 2 pressure below lO.2 pHg #nd then shut off frem
the pumps by closing teps T7 end T11. The cepillery tube
wes then connected to the reection vessel by turning tep
S, end cerbon dicxide wes sdmitted to the renction vessel

At such a rete that & pressure of epproximately 60 pHg
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wes mainteined, messurcd on Pirsni hesd Py, with liguid
nitrogen surrounding the trep of the cepillery bleed sec-
tion. The potentiel bétween the #node ond fil?ment wes
edjusted to 25 volts end the filement wes switched for a
pericd of 4.0 minutes with the current obtpined.being
meesured st regular intervels. At the end of the run the
needle velve wes closed end the cepillery bleed section
wes isoleted from thereaction vessel e#nd the ges mixture
in the re=sction vessel was enrlysed for frections conden-
sible end non-condensible ot 77°K. Following this the ges
in the reection vessel eond the cepillery bleed section wes
transferred to the grs scintilletion cell for measurement
of coerbon-ll content. The scintilletion cell used in this
series of runs hed #n enthrecene cofting »nd hed & back-
ground count of 37 T 5 c.p.m. The efficiency of this
cell meesured with the leOZ of known specific Pctivity
was 33%.

4 constant reection period of 4.0 minutes was
used for all the runs to minimise eny differences in ther-
mel effects from run to run. The everege current obtein-
#ble from the filement veried from run to run in the range

from 3 to 10 milli-emps.

8.5.2. Results

Runs were performed with the cerbon-l4 sample
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FIGURE 27
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in one of the following thrce cenditions:

a) 2t the seme potentisl »s the ecnode (25 volts);
b) 4 2t the seme pctentierl s the filement (esrthed);
c) electricolly iscleted.

The results obtrined ~re given in teble 16 of
the ~ppendix: The second colwmn of this’teble gives,thg
flow pressure in the resction vesscl for eoch run, mersured
in ukHg, end the fourth snd fifth columns gzive the prrtiel
pressures of cerbon dioxide #nd cerbon monoxide in the
recction vessel »t the end of the run. Plots of the mess-
ured cerbon~l4 ccetivity, in cbunts rer minute, fs functicns
of the eversge currents obteinsble during the course of
the runs, messured in milli-smps, fre reprcduced in figure
27 #nd o plot of the cerbon monoxide pertiel pressurc #s
= function of the fversge current is reproduced in figure
8.

It c=n be seen from figurc 27 thet there is a
significent difference between the runs performed with the
crrben-14 in the different ccnditions described esbeves Ot
first sight this is in dircet contrediction with Clexton's
results described in section 3.3 ~nd in which it wes shown
thet the rete cf crorbon grsificetion wrs independent of
the ¢lcectricel condition cf the crrben surfece. However,
Clexton's results were cbtained with currents grerter then

100 milli-emps »nd thc glow discherge wes uniformly distri-
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FIGURE 29
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buted throughout the inter-elcctrode sprce no metter whet
the electricel conditicn of the cerbon wes. Under these
conditions the discherge wes very neer the cerbon surfece
pnd if the rerctive species src formed by or present in
the discherge the rete of crrbon gesificetion would in fect
be independent of thc electricel conditicn of the cerbon.
In the experiments perfcrmed with the cerbon-14 on silice
semple, described here, the currents obteinable from the
oxide crthode were alweys less than or equel to 10 milli-
emps #nd the form of the dischesrge wes dependent on the
electricel cendition of the cerbeon. When the cerbon was
»t the seme potentisl as the 2node the discherge wes feirly
faint ond distributed uniformly throughout the inter-
electrode spece - under these conditions the rete of cesrbon
gasificetion wes grestest, When the cerbon wes either
eerthed or isoleted the discherge wes sgein feirly feint
end confined to thc region between the cethode =nd the
2luminium enode ond ebsent from the neighbourhood of the
cerbon-1lL surface. In these crses the rete of cerbon gasi-
ficetion wes greeter when the cerbon wes isoleted then when
it wrs certhed. The results do demonstrste thet once out-
side the discherge regicn the reoctive species‘must undergo
2 rapid de-ectivetion process.

Inspection of figure 28 shows that the rate of

carbon monoxide formetion is approximetely independent of
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the electricel céndition of the cerbon surface. The
results obteined from the first four runs performed with
the fresh oxide cathode gzve significantly high value of
the cerbon monoxide pressure end may be expleined by an
eﬁhanced reaction teking plece between the cerbon dioxide
end oxide cathode.

The results obtezined with 25 volt electrons did
show that the count-rete expected et lower currents would
be less than 200 counts per minute end therefore there
would not be 2 sufficient renge of reection occurring in
order to obtain relisble information on reactions occurrinrg

et lower voltages.

8.6, Distribution of cerbon-14 in the gos phese

The lest series of runs performed with the carbm -~
14 on silica sample served to measure the distribution of
cerbon-14 in the ges phase between cerbon-14 dioxide end
cerbon-14 monoxide.

The runs were performed as described in section
8.5.1, using & flowing system of cerbon dioxide snd reszc-
tion times of 4.0 minutes. A4t the completion of each run
the carbon dioxide fraction of the resultsnt ges was trans-
ferred to the gas scintillation cell for measurement of the
carbon-14 content. After this counting, the cell was re-

attached to the Tdpler pump and the cerbon monoxide
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FIGURE 29

DISTRIBUTION OF CRRBON-I4 IN THE GRS PHASE
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frection wes added to the carbon dioxide and the total
cerbon-14 content of the gzs phese wes meesured.

The results obtzined are given in table 17 of
the eppendix. The fourth and fifth columns of this teble
give the pertial pressures of csrbon dioxide and cerbon
monoxide in the reaction vessel 2t the end of & run with
the capillery bleed section isoleted from the remezinder
of the system. Figure 29 shows the fraction of activity
appeering es thO2 #s 2 function of the resulting carbon
monoxide pertial pressure.

By inspection of figure 29 it cen be seen thet
the frection of cerbon-14 ectivity eppeering as carbon-1i
dioxide decreases linearly with increesing cerbon monoxide
formetion. By extrepolstion of this line to low cerbon
monoxide pressures it would eppear thet at very low carbon
‘monoxide pressure the cerbon-~lh eppears solely as carbon
dioxide. This mey indicate that the cerbon-1l4 is being
gasified in the form of cerbon dioxide end thet the cerbon-
14 monoxide frection is obtained by its subsequent radio-
lysis.

CO2 ~mn~ry G + 0
Ye(o) + 0 = Yheo,
lL’CO2 A oo 4 0 etc.
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8.7. Summary

Experiments heve been performed with & carbon-14
film deposited onto 2 silica backing both in 2 stetic and
a flowing system of carbon dioxide. In each cese radio-
lytic reactions have been shown to take place only ét cur-
rents greater then approximetely 2 milli-zmps. These cur-
rents were obteineble with eccelerating volteges of 20
volts or over and therefore the semple could not be used
to study rediolytic resctions at lower volteges,

The experiments performed in which the cerbon
sample wes removed from the discherge region (section 8.3)
end in which verious electrical conditions were applied to
the cerbon somple (section 8.5) heve demonstrated thet the
reactive species responsible for the carbon gssificetion
2re present in or neer the discharge region only. Once
outside this region they undergo 2 repid desctivetion pro-
cesss This conclusion was substentiated further in section
8.4 where the presence of a localiséd discherge on thlie
actuel cerbon surface led to an epproximately four-fold
increese in cerbon-14 gesification.

It was demonstreted in section 8.6 that the
ma jority of the cerbon-14 gosified appeared in the gas

phese es carbon dioxide.
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B. Carbon-1l4 on Molybdenum

8.8. Cerbon-1lL sample

Owing to the very smell currents obteined with
the cerbon-14 on silice sample et volteges less than 20
volts it wes apperent thet e cerboﬁ-lh film would need to
be deposited onto 2 metel surfece in order thet the radio-
lytic reection between carban dioxide end carbon could be
studied 2t lower volteges with the present epperetus.

This sample was prepered elso by Mr. R.S. Sach
of AERE, Herwell, Ittempts to prepare the sample by creck-
ing carbon-1l4 lebelled methene directly onto & heated tung-
sten surfece proved unsuccessful owing to the poor edhesion
of the resulting grephite layer on the metel end elso to
some tungsten cerbide formation. Therefore, the semple
finally employed was prepered by crecking the methéne onto
2 thin cellulose cerbon filement hecated to 1800°C end then
eveporating the cearbon-l4 leyer onto & molybdenum backing
by increesing the temperature of the filement to a value
in excess of 3000°C by flesh heating. The specific scti-
vity of the resulting cerbon-14 film was unknown but pro-
bzbly close to thet of the initiel methene, which was &
curies per grem-mole. The molybdenum shecet hed lineer
dimensions of epproximately 7 x 5 cms. and wes bent into
2 roughly semi-cylindrical shape.

8.9.1. Flow experiments

The cerbon-14 on molybdenum sample was inserted



into the reesction vessel es 2 type C electrode essembly
(figure 25) with e fresh cothode and en 2luminium enode.
Experiments were performed es described in section 8.5.1
with pure cerbon dioxide flow pressures of epproximetely
50 pHg. end with resction times of 2.0 minutes.

FPrior to each of the first few runs the electrodes
were degessed by pessing 2 lerge current between them for
a short period of time while pumping 2t pressures below
5 x 10™2 pHg. This procedure gave very erretic cerbon-14
ectivities in the ges phese during the subsequent runs.
For the runs performed with zero eccelersting fields the
ectivities were of the order of 500 to 800 counts per minute.

Owing to this erretic behaviour the following
series of runs were performed without this degessing trect-
ment and therefore the condition of the cerbon surface wes
not altered from run to run. This resulted in much more
consistent results and, furthermore, the ectivities pro-
duced by the zero sccelerating field runs were decressed
to espproximetely 100 counts per minute. This effect demon-
strates thet the degessing treatment hes 2 profound effect
on the surface ond mekes it more reective in the subsequent
runs.

The object of this series of experiments was to
study the radiastion induced reaction between carbon dioxide
and cerbon 2t electron energies less than 25 eV. The

appropriete accelereting potentiel wes epplied solely to
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the molybdenum electrode, leeving the eluminium enode
electrically isoleted. With this errangement the electrons
were accelerated in the region between the filsment ond
cerbon only; therefore, the volume in which the excited
species were produced remeined es independent of the elec-
trode potential #s possible. Furthermore, the currents
measured would be those between the cerbon end filement
only. The reaction times were limited to 2.0 minutes to
preserve the cerbon-14 sample.

The ges scintilletion cell used for this series

of runs hed en efficiency of epproximetely 55%.

8.9.2. Results

The results obteined from this series of runs
ere given in table 18 of the eppendix. The second, third
end fourth’columns of this teble give the epplied voltege,
the everege current during the run end the flow pressure
respectively. The carbon-14 esctivities produced in the
ges phase are given in the fifth column, messured in counts
per minute from the scintilletion counter. It can be seen
from the letter column thet there wes e slight varietion
in the ectivities produced in the zero zccelereting field
runs but this veriestion was consistent from dey to day.
The first run of eny dey elways geve the highest activity
end the subsequent runs led to e gredual decresse in this

thermel ectivity.
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For the runs in which esccelersting volteges of 12 volts

or cbove were used the cerbon-l4 esctivities produced were
elwoys above the meen level of the thermal esctivities;
this increrse in ectivity will be due therefore to & redio-
lytic rezction. Owing to the verietion in thermel ectivi-
ties end 2lso owing to the different currents obteined in
the runs the most eppropriste messure of the radiolytic
recction is the excess cerbon-1l4 ectivity over the thermal
cerbon-14 activity per unit averege current. The lest
column of teble 18 gives the velues so obteined end they
are plotted 2s ¢ function of the electron energy in figure
30.

Prior to the performence of runs 385 to 390 the
reaction vessel wes exposed to the etmosphere for @ short
period of time. This fect mey explein why the values of
the radistion induced cerbon-14 activity per unit sverege
.current obteined in runs 386, 388 =nd 390 were consistently
higher then the others by ¢ factor of 1.3 %2 0.1l. This
incressed rete of cerbon-1l4 gasificetion will probably
have been ceused by some chenge in the semple's surfece.

By inspection of figure 30 it cen be seen thet
the raediolytic rerction, measured in this way, is epproxi-
motely constent st £ velue of 11 c.p.m./mﬁ; from 12 to
14 eV end then gredually increases until it levels off &t
& velue of 14.4 c.p.m./mA. et 21 eV ond thereafter remeins

epproximately constant, »t leest up to 24 V.
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The slight increese observed et 14 eV corresponds
to the appearence potentials of the CO,* end COt* ions -
13.8 end 14.1 eV respectively. These ions, together with
their sttendant secondery electrons, will meke 2n eppre-
cieble contribution to the meesured currents end therefore
the representetion of the cpm/m! given in toble 18 will be
somewhet misleading. .. more reclistic messure of the cer-
bon gasification rate would be the cerbon-l4 zctivity pro-
duced per unit primery electron current. If such mezsure-
ments were possible the velues of the cpm/mé in table 18
and figure 30 would be increessed for sccelersting voltages
above 1k volts. This would meen thet the threshold ob-
teined ot epproximetely 14 eV would become more pronounced
than ectually shown although the levelling off at 21 eV
would still be epperent.

Below 14 eV the resction will be due to 2 neutrasl
species which could be either atomic oxygen or excited
carbon dioxide or cerbon monoxide. Unfortunstely, the
lower voltage limit possible with this series of experi-
ments was 12 volts and, therefore, lower thresholds for
cerbon gesificetion were impossible to obtein end, from
these, aebsolute identificetion of the neutreslly ective
species. Excited cerbon monoxide cean probebly be ruled out
from the results on the cerbon monoxide studies described

in chapter 5 in which it wes found thet cesrbon monoxide
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did not react with 2 cerbon surface below 14 eV. The ex-
periments performed with the cerbon-14 on silice semple,
summerised in section 8.5, led to the conclusion thet the
chemicelly fctive species seem to be present in apprecieble
quantities only in the discharge region. If this conclu-
sion is correct it would be expected that the species would
have been detected in the spectroscopic studies of chapter
6. From these studies it was concluded thet there wes no
eppreciable concentretion of stomic oxygen present in the
discharge and that the only excited species identified were
those of CO,, CO end CO*. These findings mey support the
hypothesis thet excited cerbon dioxide is the species res-
ponsible for the redietion induced gesificetion of cerbon
rether then atomic oxygen. However, recent results by
Feates end S.?ché[+ on the reection of cerbon dioxide end
cerbon-14 lebelled graphite induced by vecuum ultra-violet
radiation heve shown thet O(ID) 2nd 0(1S) atoms ere capeble
of gesifying the grephite end, therefore, their presence
cennot be ruled out in this work. This is especially so
when one considers thet these states of the etomic oxygen
are metesteble end will heve a comperetively long life-time -
long enough possibly for the mejority of them to rerct with
the carbon before being de-activeted end so detected on
the spectrogreph.

The increese in gesificetion rete observed ot

approximetely 14 eV is probebly due to the opperrence of



157.

e reactive ionic species. Owing to the thermal production
of cerbon monoxide by reaction with the filament there wes
alwoys an apprecicble concentretion of this ges in the
reaction vessel. The proximity of the ionisation poten-
tiels of carbon dioxide snd cerbon monoxide to esch other
mekes it impossible to differentiscte between the two ions.
However, the results given in chepter 5 heveshown thet the
cerbon monoxide ion reects with & cerbon surfece very
gosily end the only slight increese in cerbon gesificetion
mey be due to smell proportion of CO* ions present. The
presence of cerbon dioxide will meen thet the ion exchenge
reaction CO* + CO, = Co,* + GO will reduce the CO* ion con-
centretion even further, In teble IT of section 2.1 it
wes shown thet the direct production of CO' ions by the
reaction CO, ~~~3 CO* + O + e occurred et 2 threshold
of 20.3 eV end it is interesting to note thet it is 2t
epproximetely this energy thet the rete of cerbon gasifi-
cotion begins to level off, es shown in figure 30, but no
significance cen be ettached to this phenomenon.

in plternetive explenstion of the threshold ot
14 eV mey be the production of ions, followed by en ion-
electron recombinstion resction leading to the production

of further excited neutrel species.

002 + e = 002+ + 20

CO* + & = COy* = CO + olx)



Using this mechenism the levelling off of the reection rate
would correspond to the reeching of en equilibrium in the
CO,, 002+ and electron concentretions in the gas phase.

It is epperent from the results discussed in this
section that the majority of the excited species responsible
for the gesificetion of cerbon ere electrically neutrel end
thet the eppearence of ions leads to en only slight incresese

in the rete of gesification.

8.10. Summary

Experiments heve been performed with a cerbon-l4
labelled film deposited onto a2 molybdenum backing in e
flowing system of cerbon dioxide. The rate of cerbon-14
gesificetion per unit average current has been measured as
2 function of the electron energy in the range of from 12
to 24 electron-~volts.

It wes found that the rate of carbon-lL gesifice-
tion changed only slightly ebove the ionisetion potentiels
of both cerbon dioxide and carbon monoxide end it was con=~
cluded, therefore, thet the gesification was produced pri-.
marily by electricelly neutrel species. Based on the
evidence thet the active species seem to be present in the
region of the glow discherge only end the results from the
spectroscopic study of the discherge it would seem that the
neutral species is an excited cerbon dioxide molecule 21~

though there is no conclusive evidence to reject atomic
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oxygen.

8.11. Comperison of cerbon-14 end cerbon soot results

Besicelly, two comperisons mey be mede between
the runs performed with ¢ cerbon soot and those performed
with the carbon-14 semples : comparison between the cur-
rents obteinable with the two types of cerbon from en
oxide coeted cethode using the same eccelerating voltage
end comparison between the rete of cerbon trensport from
the solid to the gas phase.

Using cerbon samples, prepered by burning nan-
thalene in 2ir a=nd depositing the soot onto an aluminium
becking, the rete of cerbon trensport wes determined by
Claxton to be approximetely 3 x 10~k milli-groams per milli-
amp minute for electrons of 25 eV energy. This rate of
cerbon removel corresponds to en fbsolute ectivity of
2.2 X lO3 d.p.m./mi.min. of cerbon-14 in the ges phese
from the silice semple snd of 2.2 x 10° d.p.m./mi.min. of
cerbon-14 from the molybdenum sample. 1In fect, the retes
of cerbon-14 gesificrstion observed with the two samples
correspond to ebsolute disintegration retes of_6O and 14
d.p.m./mi.min, respectively,

Comperisons between the currents obteinable from
oxide~coated cethodes when using the three types of carbon
show a somewhet similer trend; much greater currents were

obteinable under the seme conditions with sooty carbon
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then with the cerbon-14 on silica semple. Therefore,
experiments were performed to determine whether this dif-
ference in currents could be a2ttributed to the different
types of becking or different types of carbon used.

In these experiments currents obteinable from a
fresh oxide-costed cathode were meesured in a flowing sys-
tem of COZ’ at flow pressures of epproximetely 60 pHg, in
the presence of sooty cerbon deposited onto either o silice
or an aluminium becking. In each case the cerbon was elec-
tricélly isoleted from the anode end cathode. The results
ere illustreted in figure 31 and it can be seen in this
figure thet similer current cherscteristics werec obtained
with each type of brcking. Lt the stert of each run the
current remfined feirly low end e glow discherge was
present in the region between thc anode end cethode and
ebsent from the vicinity of the cerbon surfece. Aifter some
time the glow discharge rapidly sprezd to the whole of the
inter-electrode spece and a sherp peek was obsecrved in the
current before it steadied down to & value of over 100 mi,

From these experiments it was\concluded thet the
current was probably independent of the type of becking
but depended on the type of cerbon, being much greeter with
& sooty cerbon than with 2 pyrolytic cerbon. The reason
or form of this dependence is unknown., Since the lerge
currents are independent of the ges phese end the primery

electron current from the filement is very smell it would
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seem thet some current multiplicetion process is teking
place on the cerbon surfzce itself. If this is the cese,
there mey be some property of the surfece, such s 2 work
function, which controls this current multiplicetion end
which is dependent on the form of the cerbon.

The greetly incressed reecctivity of the sooty
cerbons es compered with the cerbon-14 samples mey be
directly connected with these lsrge currents, but sgein
the reeson is not understood st present. The pretreating
of the cerbon-14 on molybdenum semple, by pessing a lerge
current between the electrodes ot pressures lower thaen
5 x 10™% uHg, led to 2 five~ to eight-fold increesse in the
subsequent runs when compered with the runs performed with-
out this pre-treztment, and this effect does demonstrete
thet high currents do slter the reesctivity to some extent.

Two further differences between the runs per-
formed with sooty cerbon end corbon-1lh were es follows:-
1) In the runs performed with the sooty carbons the

pressure flow retes were of the order of 600 pHg/min,
whereas the flow rete of the capillery bleed epparatus
used in the cerbon-14 studies was only 60 pHg/min.

This difference in flow rgate will heve o significent
effect on the reaction rstes but not enough to explein
the great differences observed, especizlly between

sooty carbon end the high specific activity cerbon-14

on molybdenum semple,



2)

145,

& constent feeture of work with oxide corted filaments
is the conteminetion of clectrodes by eveporestion of
meteriscl from the oxide surfece. Such e process
results in the formetion of thin films of conteminant
on the electrodes znd was apperent in this work when-
ever the recction vessel wes dismentled. In the ex-
periments with sooty cerbons a fresh cerbon film was
prepered for each run end, thereforec, they

would not have had an esccumuletive effect on the
cerbon surface #s in the cese of the carbon-14 semples,
which were used for severesl runs each. Furthermore,
the high currents end high reesction restes obteined
with thc sooty carbon would probably leed to the rapid
burn~off of the conteminent es it weas deposited on

the carbon surfece. It would be instructive to study
the effect of this contemination with 2 fresh cerbon-
14 semple to sec whether there is 2n eppreciecble de-
creese in reectivity with time.

Thus it can be seen thet there ere some reasons

why the cerbon-14 samples should be less reective then

sooty carbon, but not to the extent found. It is probebly

thet the sooty cerbon is more reactive fundementally and

for the seme reeson gives much greater currents then pyro-

lytic cerbon. More work would need to be done in this

field before a constructive solution is found.
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CH4PTER 9
GENERAL SUMMARY

9.1, Expefimental Results

Experiments heve been performed in e static sys-
tem of cerbon dioxide both in the prescnce end absence of
cerbon end it hes been shown thet when zero cccelerating
fields sre used there is 2 rapid conversion of the cerbon
dioxide to cerbon monoxide: this is presumebly due to @
chemical rerction with the free metrls in the surfrce of
the oxide coeted cathode or to the thermel decomposition
of the cerbon dioxide molecules on striking the filement,
which is heated to 900 - 1000°C. The hesting up of the
electrodes by the thermel radistion from the filement hes
been shown to produce no significant thermel resction
between the cerbon dioxide and cerbon.

Experiments heve been cerried out in & stetic
system of carbon monoxide in which the rate of carbon mono-
xide decomposition hes been meesured as a function of the
energy of bomberding electrons. In the presence of free
cerbon the threshold energy for decomposition to commence
hes been shown to be zpproximetely 14 eV., while in its
obsence the threshold encergy is increesed to epproximetely
25 eV. In 211l ceses where decomposition occurred the rate
of decomposition wrs proportionel to the pressure. Experi-
ments in 2 flowing system of cerbon monoxide heve confirmed

the upper threshold end have shown thet it is #lso thé
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threshold for the appearsnce of 2 pale blue glow discherge
end the formation of cerbonaceous deposits. Mercury vapour
hes been shown to have no significant effect on the carbon
monoxide decomposition. From these results it has been
concluded thet cerbon monoxide decomposes by en ionic
recction mechenism end that in the presence of free cerbon
the decomposition is cetelysed on the cerbon surface.
Spectrogrephic studies of the glow discherges
produced in flowing cerbon dioxide and caerbon monoxide
have shown thet they ere mede up of the seme bend systems

of CO CO and CO*. There wes no evidence for the 2ppeer-

2)
ence of atomic oxygen in the discharge.

4 cerbon-1lh trecer technique hes been developed
using @ ges scintilletion cell #s 2 monitoring the cerbon-
14 which hes greetly increassed the sensitivity of the
epparatus for experimenting of the gesificetion of cerbon
by the rediaztion induced reection with cerbon dioxide.
Using # cerbon-1lh sample deposite? onto 2 silice becking
it hes been shown thet the chemicelly 2ctive species res-
ponsible for the cerbon gesificetion ore present in or
neer the discherge region only »nd thet when this region
is removed from the vicinity of the carbon surfece little
or no gesificetion occurs. From the results of the experi-
ments performed with a cerbon-14 semple deposited onto o

molybdenum becking it was concluded thet these species

responsible for gesificetion rre, in the mein, clectrically
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neutral and only a slight increese in the rete of gesifi-
cetion is observed when ionic species ere present. The
spectroscopic studies tend to favour excited cerbon dioxide
2s the neutrel species but there is no direct evidence to
exclude etomic oxygen, especielly when onc considers the
fact thet the O(lD) end O(lS) stetes ere metesteble levels
end will heve comperitively long life-times.

It wes found that sooty cerbons geve fer higher
currents and reection retes than the cerbon-1l4 samples.
Some of this increerse wes due to higher ges flow rates
used end to less conteminetion of the semple surfece by
evaporetion of meteriel from the filsment. However, it is
considered thet most of the incressed reactivity end the
high currents ere due to some fundementel property of the

cerbon surfece which is unknown at present.

9.2, lpplicetion to resctor conditions

iv direct comperison between the results of the
present studies and the effects lieble to be encountered
in 2 grephite moderasted - cerbon dioxide cooled nucleer
reactor is mede difficult by the completely different con-
ditions employed in the two cases. In the present studies
geses ot pressures up to 60 pHg heve been irredicted with
electrons zccelerasted to encrgies in the ronge 12 to 30 eV.

In reectors ges pressures up to 7 etmospheres =re employed
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end the primery redistion consists of neutrons, gamma-reys
end p@-electrons.

These primery redietion perticles will lose their
energy to the surrounding medium in & variety of ways. The
neutrons, since they ere uncherged, do not produce ionisa-
tion directly in matter but interact slmost exclusively
with etomic nuclei, imperting to them kinetic energy of
recoil. The recoiling nuclei, however, fre cepeble of
producing excitetion end ionisestion to the surrounding
matter., Gamme-ray quanta of energies greater then 1 MeV
will be absorbed in the vicinity of an stomic nucleus with
the production of en electron-positron peir. The positron
end electron will be slowed down by interaction with the
medium end the positron will eventually combine with an
electron giving out two 0.51 Mev gamme-reys in the process
(so-celled annihilrtion redietion). These gomme-rays end
plso any other quentes of energy less then 1 Mev will pro-
duce consideresble ionisestion by photo-electric and Compton
scettering processes. The free electrons resulting from
these processes will hoave considerable kinctic energy.
Thus it can be seen thet the intersction of all components
of reactor redirtion with the surrounding medium leads to
the production of fast secondery electrons. This means
thet the type of rediation in nucleer resctors will be the
seme #£s in the present system, nemely electrons, elthough

the energies ere completely different in the two cases.
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When e fest secondery electron is slowed down to
rest in 2 ges the totel number of ion peirs produced is
roughly proportionel to the cnergy expended. When slowed
down in cerbon dioxide the energy expended per ion-pair
formed is known to be epproximrtely 32 eV. Since the ioni-
sation potentisl is only 14 eV this mesns thst excitetion
processes will elso be present to # significent extent.
From this one cen see thet energies involved in each
clectron-molecule interaction fre the seme no metter whet
the energy of the incident electron is.

For experiments performed with high energy radiz-
tion the chemicel yields from redirtion induced recctions
are related to the energy absorbed by thec experimentel
system end the term G value® wess introduced to denote the
number of molecules changed for esch 100 eV of energy ab-
sorbed. Thus G(X) refers to the number of molecules of =a
product X formed per 100 eV of energy sbsorbed and G(-Y)
refers in the seme wey to the loss of e meteriel Y thet
is destroyed on irrsdietion. In the grephite-carbon dioxide
reaction it hes been shown thet the energy ebsorbed in the
ges phese is by fer the most importent end the G velues
quoted for this rerction refer to 100 eV of energy absorbed
by the gfs phese., From the in-pile experiments it hes been
found thet approximete velues for the relevant G velues ere
G(-CO,) = 5, G(~C) = 2.2 #snd G(CO) = 2.3. From the G(-CO5)

velue it cen be seen the averesge energy expended to ceuse
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the destruction of » cerbon dioxide molecule is approxi-
metely 20 eV end ogein this is the seme order of meagnitude
of cnergy for single electon-molecules interactions con-
sidered in the system reported herec.

Perheaps the greatest differcence in conditions
betwecn the two systems is the ges pressures used, 60 pHg
here end up to 7 astmospherecs in reectors. This very lerge
difference in pressurcs will result in the excited species
heving very lerge life-times in the low pressurc work,
However, the cerbon semples used here heve » redius of
spproximertely 1.6 cms. while the ecversge pore redius in
pile grede grephite is of the order of 107% cms., If one
multiplies the redius of the volume of gas in the cerbon
by the ges pressurc one obteins velues of 0.1 end 0.5 cms.
mmHg for the low pressure reection vessel end the internal
pores of pile gredec grephite respectively. The relevance
of these values is thet they demonstrete thet the number
of collisions an sctive species would hesve to undergo in
the ges phase before receching the cerbon surfece is the
same order of megnitude in the two ceses end thet the very
lerge differences in life-times will become a2 not too
serious hendicep.

The above considerstions demonstrete that it
will not be unreasonable to make direct compasrisons between

the results in the low pressure work described here and
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those obteined for pore reactions occurring in the grephite
moderator of a nuclear reactor.

The most significent comperison cen be mede from
the results obteined with the carbon-1lh on molybdenum
sample in & flowing system of carbon dioxide in which it
was found that neutral species play the grestest role in
the gasificetion of cerbon. The slight reectivity of
ionised species would be expected to play an even smeller
role in reactors owing to the absence of electricel cleer-
ing fields and, therefore, s greater chance of ion-electron
recombinstion processes occurring. However, these recom-
binotion processes may be expected to lesd to the produc-
tion of further active neutrel species end should not be
ignored. 1In fact, it would be informestive if o geseous
additive, whose ionisation potential was lower than cerbon
dioxide's, could be injected into the ges streem so that
the 002+ species could be de-ionised by an ion-exchange
reaction rather thesn by recombinetion.

The problem in controlling the radiation induced
reaction is one of preventing the neutral active species
from reaching the cerbon surface or if this is impossible
treating the surfece so that the species will not react
with it. If oxygen atoms ere the responsible species they
could be de-activated to a lesrge extent by the addition of
an oxygen acceptor in the ges phase., In fact, in-pile

experiments heve shown that the addition of carbon monoxide
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does cause an apprecigble reduction in the gesificetion but
only for the superficial reection -~ the in-pore rezction is
affected by small quantities of carbon monoxide only

( £ 500 v.p.m.). This difference in behaviour of the effect
of carbon monoxide addition in the two reection zones is
not consistent with an oxygen-atom model end cannot be
releted in a simple manner to the existing picture of the
resction mechanism described in section 2.7. If excited
cerbon dioxide is the reactive species the control of the
radiation induced reaction becomes more difficult. The
excitetion energy would need to be transferred to e quench-
ing agent by a collision of the second kind; the quenching
agent would have to be unreactive in itself to grephite and
would possibly be difficult to discover.

The higher gas pressures and greester power den-
sities of the Windscele Advenced Ges-cooled Reectors end
the leter civil stetions result in there being higher
naturel cerbon monoxide concentrations in the coolent ges
system so thet cerbon monoxide radiolysis has become an
important consideretion. The results obteined in this
study have demonstrated that the presence of a carbon sur-
face affects the rediolysis to a2 very significant extent
when low energy electrons are used. However, in the absence
of free cerbon the cerbon monoxide decomposes readily ot

incident electron energies greater than 25 eV and it would
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be expected that this would be the predominent mode of de-
composition in nuclear reecctors. It hes been concluded
from the results thet excited cerbon monoxide ions are res-
ponsible for the ges phese rediolysis end, therefore, the
reduction of this effect could be obtained by the introduc-
tion of charge transfer zgents to the ges. As in the cer-
bon dioxide cese a seerch for e suiteble egent may prove
difficult for the carbon monoxide ion is highly excited.
Once free cerbon is present the results heve shown thet
cerbon monoxide ions in the ground state zre capable of
producing further decomposition - the resction proceeding
as a catalytic reaction on the cerbon surfece. However,
this resction can be controlled in the presence of cerbon
dioxide owing to the cherge exchange recction between the
two geses CO* + COy = 002+ + CC.

The eabove discussion hes demonstreted thet the
radietion induced gesificetion of cerbon and the deposition
of solids in the COZ/CO/C;%sgtTld be reduced appreciebly by
the addition of suitable scavengers or quenching agents to
the gas coolant system. The low pressure apparstus end
cerbon-14 tracer technique developed in this work might

provide 2 suiteble meens for the seerch of such additives.



RUN 45~

Anode and carbon at the same potential as the filament.

AVPNDIX

~ DXPLRIMENTAL  ROSULTS

Table 1

Static charge of CO

2

—

carbon present

Total COg Co

Tinc Time Pressure Pressurc % CO

(secs) (mins) ( plg) ( p Hg)
- 0.0 62 0.5 0.6
60 1.0 42 20 32,3
60 2,0 32 35 " 52,2
60 3.0 27 49 64,4
60 4.0 25 61 70.9
60 5.0 23 69 75.0
60 6.0 20 76 79.2
60 7.0 18 82 82,0
60 8.0 16 89 84,8
60 9.0 16 94 85,5
60 10.0 14 98 87.5

155,
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Table 2

RUN 44 - Btatio chearge of 002 - carbon present

Anode ond carbon at +10 volts wer.ts filauent

) Average Totgl Total 002 ) Co ,
Time Current wA.mins,. Tine fressure Pressure “a GO
(secs) (me,) (mins)  (p Hg) (p ilg)

- - 0.0 0.0 53 0.8 1.4
60 0.82 0.82 1.0 33 23 41,1
60 0.67 1.49 2.0 30 35 53,8
60 0.69 2,18 3.0 27 44 62,0
60 0.61 2.79 4,0 25 51 67.1
60 0.64 3,45 5.0 23 59 7240
80 0.60 4,03 6.0 22 64 4ol
60 0.59 4,062 7.0 19 71 78.9
60 0.59 5.21 8,0 17 76 81,7
60 0.54 5.75 9.0 15 o1 84.4
80 0.55 8.50 10.0 14 86 86.0
80 0.59 6.89 11.0 13 il 875
60 0.50 7439 12.0 11 95 89.6
80 0.54 7.95 13,0 7 103 93.6
80 0.50 Be43 14.0 7 107 94,0

60 0.50 8,93 15.0 5 115 05.8
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Table 3

RUN 45 - Static chargc of CO, - carbon prescnt

Anode and carbon at +12 volts w.r.t. filament

Lverage Total Total Co Go ‘
Tine Current nA.nins. Tine Pressure Prcssure % CO
(sces) (ni.) (rins) (p Hg) (p 11g)

- - 0.0 0.0 58 1 1.7
20 10,3 3.4 0.8 51 10.5 17.2
20 15.8 8.7 0.7 45 16 26.6
20 15,3 13.8 140 40 24 3745
30 14,1 20.9 1.5 41 30 42.3
30 12.9 27.4 2.0 41 36 46,8
30 13.6 3442 2.5 36 44 55.0
30 10.4 39.4 3.0 33. 49 59.8
30 11i.4 45,1 3.5 32 55 63.2
45 2.1 52.0 4.3 27 61 6845
45 10,6 59,9 5,0 26 69 72,6
45 10.3 67.6 5.8 25 75 7645
45 12.7 772 6.5 19 82 81l.2
60 13.8 91.0 7.5 16 94 85.5

60 10.6 101.6 8.5 13 97 88,2
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Table 4

RUN 46 - 3tatic cherge of 002 -~ carbon present

Anode and carbon at +25 volts wer.t. filonent

) ALvereage Total Totel  CO4 Go B
Tine Current nf,iains, Time Presaurc Pressurc Y% GO
(secs) () (mins) (p Hg) (p Heg)

- - 0.0 0.0 63 1 1.5
20 . 187.5 43.8 0.5 13 51 7947
20 1356.0 88.8 0e7 7 o9 89.4
20 155,5 140.6 1.0 5 59 92.2
60 200,6 341.2 2.0 5 59 92,2
60 205,2 546.4 3.0 3 52 94,5
60 198.1 744.5 4,0 3 46 93,8
60 185,53 029.8 5.0 3.5 42 92.2
60 192.1 1121.9 6.0 2.5 39 03,3
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Table &

RUNS 50 & 51 - Static cherges of COg - carbon absent

hnode and clectrode Lg at +25 volts w.r.t. filament

hverage Total Total CO2 Co _
Tine Current nh.nins. Tine Prcssure Pressure % COo
(secs) (nt.) (nins) (p Hg) (p Hg)
a) Run 50
- - . 0.0 0.0 67 0 0.0
30 8.5 4,2 0.5 37 15 28.8
30 6.2 745 1.0 a1 21 40,4
60 4,5 11.8 2.0 22 34 60.7
60 3.1 14,9 3.0 16 41 7.9
60 2.6 17.5 4,0 12 50 80.6
80 1.8 19.53 5.0 10 55 84.6
60 1.4 20,7 6.0 9 61 87.1
180 2.1 27,0 9.0 7 77 91,7
b) Run 51
- - 0.0 0.0 52 0 0.0
15 38.5 9.6 0.5 30 14 31.8
15 26.8 16.3 0.5 26 19 42.2
S0 28,2 30,4 1.0 20 27 57.4
30 25,5 45,1 1.5 18 32 64,0
30 26.1 56,2 2.0 14 39 75.6
60 27.6 85,8 3.0 11 49 81.7
60 24,2 108.0 4,0 8 57 87.7
80 26.1 134.1 5,0 5 865 © 92,9
60 19.3 153,k 6,0 4 71 9447
60 26.8 180.2 7.0 4 80 95.2
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Table 6
RUN 52 - Static charge of COg. - carbon absent

fnodc and clectrodec Ag at same potential as filement

Total Gog Cor ]
TMne Time Precssure Prcssurc % GO
(sces) (nins) (p Hg) (p Hg)

- 0.0 50 0.1 0.2
30 0.5 31 8 20.5
60 1.5 2640 ‘ 15,5 56,9
350 2.0 23.5 17.5 42,7
60 3.0 22 22 50,0
30 3.5 20 25 55.6
30 4,0 19 27 58,7
60 5.0 19 32 62,7
60 B840 16 58 704

60 7.0 15 43 74,1
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Table 7
RUN 53 -~ Static charge of COg -~ carbon absent
Nickel strip in place of oxide-coated.filament.

Anode ond clectrode Ag at same potentinl as nickel strip.

Total GOy Co _ _
Tine Tine Pressure Pressure 9% GO ¢
(secs) (mins) (p He) (n Hg)

- 0.0 69 0.3 0.4
80 1.0 84 10 13,5
80 2,0 62 14 18,4
80 3,0 60 18,5 234
80 4.0 58 23 28.4
60 5.0 58 26 31,0
60 6.0 55 30 35.3
60 7.0 55 55 59.8
80 8.0 51 40 44,0
80 9.0 51 44 46,53

60 . 10.0 48 48 50,0
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Table 8

Carbon weight-loss cxperiments

160,

Flowing €02 - carbon prcsent

Average Flow Weight
Run Curr¢nt Time mA.nins, Pressure Change

(mhs) (mins.) (p He) (mgns.)

Anode and carbon at same potential as filanent
60 - 60.0 - 64 -0el
61 - 60.0 - 61 +0,.2
62 - 20,0 - 65 -0.1
Anode and carbon at +25 volts w.r.t, filament
65 185 30.0 5545 66 -0.9
66 105 30.0 3172 72 -1l.4
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Table 9

static charges of CO Constant currcent = 5.0 milli-anmps

Pog = Po OXP'( "‘D‘t)

¢ as o function of the cleotron accelerating voltagc.

!

Run Voltage K min."t -4 0oz Szizigf
AaGo
&) Carbon present - mercury vepour absent
79 17.0 040245 0.08 3.8
80 18.0 0.0533 0.56 4,0
81 20.0 00,0783 - 3.8
77 24.0 0.0830 0.40 5.8
78 30,0 0.0919 0,45 3.8
b) Carbon present - nercury vopour prescnt
oL 20,0 0.0580 - -
90 24,0 0.0826 0,45 -
¢) Carbon absent - mereury vepour present
89b. 24,0 0,0000 - 6,9
85 26,0 0.0062 0.50 4,9
87 29.0 0.0283 0,58 4.4
89a., 50,0 0.0712 0.46 3,9
88 52,0 0.,0797 0.38 3.9
86 34,0 0.0882 0.39 4,0
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Table 10

Currents obtainable from an oxide-coated cathode at 850 °C. in
o flow systenm of carbon monoxide both in the prescnoec and cbscnee of corbon.

Corbon monoxide flow pressurc 20 p He.

Voltage Carbon present Carbon %bscnt 1
(lﬂs..) (m.li.) Iz
20,0 120 % 920 1.3 £ 0.1 0,011 + 0.002
* + *
25.0 ( 500 i« :LOO ) 705 0'5 00025 0.0ZLO
27,0 initial 750 % 50 22 4 0.029 £ 0,002
27,0 final 750 % 50 280 % 30 0.37 ¥ 0.03
30,0 200 * 50 120 ¥ 40 0.30 X 0,08

b3
The value of the current obtained ot 25.0 volts in the
presence of cerbon is an assuned onc based on currents obtained

in the spectroscopic studies.



Table
Analysis of spectrun
Wavelength(A®) I  Identification
2977 .4 1 CO 3rd positive
3125.7 8 Hg line
3131.6 6 Hg line
5154 .4 2 o0 3rd positive
5159.3 5 NZ 2nd positive
5246,9 1 002
35255.9 1 002
5264.6 1 co,
5259.9 1 UO;
3284,5 1 UOZ
53505.7 3 GO 3rd positive
5541.4 1 i1y line
3374.3 10 ﬂz 2ad nositive
5377 .5 1 002
5413.3 5 GO comst-tail
5427 .9 5 CO07 covet-tail
5495.3 2 €O 3rd positive
3505.2 1 COZ
5510.8 1 002
35586 .7 7 42 Znd positive
3545.9 2 CO2
3576,9 10 ﬂz 2nd positive
3584, 2 10 CO0" couet-tail
5600, ¢ 10 €0 comet-teil
5650, 2 10 g line
3654:,8 3 Hg 1line
3862.,9 ) Hg linc
o674 .1 1 CO2
5691.8 1 COZ

1635.

obtained with flowing CO ( figure 17b )

Wsvelength(A®) T Tdentification
5688.1 4 CO comet-tail
5705.5 4 co" comet-tail
87554 2 Nz 2nd positive
5777 .8 10 0" comet-tail
3795.8 10 C0" comet~tail
3804,9 16 Nz 2nd positive
3588.6 00" comet-tail
5908,0 cot comet-tail
50144 10 N; 1s% negative
5997.5 10 0" comet-tail
4017.7 10 C0" comet-tail
4046,.3 5 fIg line
4077.8 5 Hz line
4108,1 1 Hg line
4123.5 8 CO0 Angstron
4174.68 3 €0 triplet
4188.4 5 €0 +triplet
4201,5 5 00 triplet
4227 .2 5 €0 triplet
49248,9 10 €0 comet-tail
4272.0 10 ©0Y comet-tail
4514%.1 5 COo triplet
4%28,7 5 €O triplet
45%43,8 5 €O triplet
4558.5 8 iIg line
4578.9 4 €07 comet-tail
4403%.3 4 CO" comet-tail
4444 ,7 1 CO triplet
4452,2 1 €O triplet



Wavelength(A®) T

Tdentification

Table 11 (contds)

164,

4482,9
447848

%310.2

o G 0 G W =

oo

NN ® N o

Cco
GO
GO
Co

-

Co

co

triplet
triplet
Angstrom
triplet
comet~-tall
conet-tail
triplet
comet~-tall
comet-tall
triplet
triplet
triplet
triplet
Angstron
triplet
conet-tail

comet-tail

Wavelength(Ap) I Tdentification
4917f2 2 Hy  line
£985,5 1 CO triplet
£959,0 i CO triplet
4979.0 1 CO triplet
4996.7 1 CO triplet
50397 6 00 comet-tail
507241 6 €07 comet-tail
5198.2 6 CO0 Angstrom
5216.0 1 G0 +triplet
52584 1 CO0 triplet
52585 1 €0 triplet
533045 1 CO triplet
535142 1 GO0 triplet
546047 8 Hg line
5461 .4 5 00 comet-tail
5400,9 5 €07 comet-tail
561.0.2 ) CO0 Angstrom



obtained

Table
Analysis of spectrum

Wavelength(A®) I Identification

2977.4 % €O 3ra positive

5125.7 2 Hg line

3131.C 2 Hz line

3134 .4 & GO 3rd positive

5136.,7 1 CO2

5149.5 2 CO2

3155,2 2 co,

3164,9 1 CO;

5246,9 4 C02

5255.9 4 COZ

5264.6 4 CO2

5269.9 9 COZ

3984,% A COQ

5305.7 6 COL5rd positive

3370.0 8 002

537745 6] C02

5388.9 2 COZ

3594.5 2 002

341543 5 €O comet-tail

3427.,9 3  CO0" comet-tail

54935 5) CO 3rd positive

85503.4 4 002

35510.8 4 CO2

553348 4 002

3545,9 4 002

5551 .4 3 CO2

3362.2 5] CO2

556545 5] 002

356442 7  CO" comet-tail

165,

with flowing (O (figure 18b )
Tavelength(A®) I Tdentification

3600.8 7 00" comet-tail
2650,2 10 Hg line
3654.8 1 Hg 1line
3661.6 2 Co,
3662.9 2 Co,
36741 2 co,
3688.1 5 €0 comet-tail
370543 5 G0V comet-tail
3761 .4 1 co,
5777.8 8§ 0" comet-teil
3795.8 8 €0 comet-tail
3853.6 1 co,
3853.2 1 0o,
7L70.5 1 oo,
3890.4 2 Co,
5888.6 7 CO" comet-tail
590840 7 €0 comet-tail
3997.5 6 €O comet-tail
401747 &  COT comet-tail
4056 o4 5 €O triplet
4043.5 5 Hg line
4077.8 4 Hg line
£108.1 4 Hg line
4125,6 3 CO0 Angstrom
4157 2 CO  triplet
4474,6 3 CO  triplet
4182.6 3 CO triplet
4201.5 5  CO triplet
4227 .2 CO triplet



Teble 12
'Wavelength(Ao) I Jdentification
4248,9 6  CO" comcb-tail
4272.0 6  CO" comet-tail
4314.1 3 00 triplet
£328,7 5  CO0 triplet
£343,8 3 CO triplet
4358.3 4 Hg 1ldine
4378,9 2 €07 comet-tail
43931 2 00 Angstrom
£405.53 5  CO0" comct-tail
4510.9 (6] C0 Angstron
4518.0 4 C0" comet-tail
4539 .4 3 00" comet-tail
4565,85 5  C0" comet-tail
4571,0 5 00 +triplet
4586 o4 1 CO triplet
4602.6 1 €O ‘triplet
4646,7 1 C0 +triplet
4680.53 2 CO0  triplet

( contd. )

166.

Wavelength(Ao) I Tdentification
2685 .4 2 C0" comet-tail
4711.2 2 €0 comet-tail
4747.5 2 CO0 +triplet
1704.8 2 CO0 +triplet
4£808,7 2 CO +triplet
4855,53 10 GO Angstrom
489745 1 C0 +triplet
4917.2 1 €O triplet
£955,5 1 GO0 +triplet
4959,0 1 CO +triplet
4979.0 1 €0 triplet
4996,9 1 €O +riplet
5039.7 5  CO° comeb-tail
5072.9 3 cot comet-tail
5198.4 10 €0 Angstrom
5460.7 7 Hg 1ine
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Tablc 15
Static charges of CO2 - corbon~14 on silice
Lnode and corbon ot same potential

Cell bockground 30 £ 5 c.p.m.

Coy Avernge. co Co Carbon~-14
Run Pressurce | Current Tinc DA Gins. Prcssurc Pressure Letivity
(g Hg) - (ma)  (mins) (p'He) (p He) (cepens)
a) Anodc and corbon at same potential os filanent
113 58 - 1,00 - 59 10 2% 128
115 58 - 1.:00 - 43 7w 160
116 57 - 1.00 - 52 6 59
118 o8 - 1.00 - 75 9- 1oY, 42
120 68 - 1.00 - 57 8 55
121 85 - 5.00 - 41 15 27t 59
126 60 - 1.00 - 48 9 61
127 72 - 1.00 - 65 4 53
140 58 - 10.00 - 56 4 7] 53
b) Anode and earbon at +15 volts.
122 62 0.77 3.00 2.3 42 13 a8
123 62 0.77 5,00 5.9 13 12 70
132 67 0.486 10.00 1.6 41 19 172
1353 64 0.15 17.00 2.6 4 12 85
134 68 0.21 20.00 4.2 61 11 228
135 59 0.22 20,00 .4 & 8 148
¢} lnode ond carbon at +20 volts.
105 58 4,2 2,00 8.3 36 15 166
106 60 6.8 1.00 6.8 35 15 209 122,
107 59 7.8 2,00 15,5 27 26 4n7 357
108 59 17.5 0.83 14.6 1. 24 340
109 64 5.8 1.50 5.7 41 13 411
112 57 40,5 0.55 24.3 25 25 692
119 66 25,3 0.50 12.7 44 18 251
124 60 11.0 1.85 20.1 30 36 (13 £57



Toble 14

Stetic charges of €0y = corbon-1% on silice

Corbon-14 renoved from vicinity of filement

Anode voltege +20 volts

Cell beckground 30 ts GeDello

168,

€04 Averege Coq co Carbon~14
Run Pressurc Currcnt Tinc ni.nins, Pressurec Pressure Letivity

(p Hg) (mfi) (nins) (p Heg) ( n Hg) (cepoms)
1411 66 0,41 2,00 0.8 51 54
14241 64 0.98 2,00 2.0 51 29
145-1 61 0.97 5.00 4,9 50 12 29
144-1 64 1.20 10,00 12.0 46 13 37
145-2 64 1.16 5,00 5.8 49 9 35
146-2 63 1.14 10.00 11.4 49 11 41
148-3 60 33.5 1,00 33.5 21 38 43
149-4 60 81,7 1.00 81.7 17 64 42
150~3 30 87.5 1.00 B87.5 8 50 48

The suffix on the run number denotes the

as follows :

-1

-2

-8

-4

carbon-14 ot thc scone
carbon~14- ot the scne
carbon-14 at the senc
corbon soot deposited
carbon-14 at -6 volts

carbon soot deposited

potential as the
potentizl as the
potential a8 the
on thc anode.
w.r.t. anode;

on the nnode.

condition of thec

fileamcnt,
enode.

onode;

carbon-14 scnple



Static charges of COg

Table

15

corbon~14 on silica

169,

Lffect of surfacc condition on rate of carbon-14 gasification.

Anode voltage +20 volts.,

Carbon ot samec potential as the filancnt.

Co

Average

Cog

Co

Carbon-14

Run PresSure Current Tine nh.mins. Pregsure Prossure  Aotivity PR
(p Hg) (nh,) (nins) (™) (p Hg) (cepen.) mi.mins,
167 61 160 1.00 160 9 96 1531 9.6
168 60 113 1.50 169 20 75 484 2.9
169 60 105 1.50 157 21 79 380 2.4
170 66 92 1.950 138 22 86 266 1.9
171 55 89 1.50 155 18 69 308 2,3
Stood in 26 mm Hg COg for 17 hours.
172 55 75 2.00 149 17 81 477 3.2
175 59 109 1.50 163 20 78 404 2.5
S8tood in 760 mn Ilg 0, for 60 hours.
174 61 49 3.00 147 40 95 191 1.3
175 64 122 1.00 122 43 50 230 1.9
178 59 52 3.00 156 17 81 541, 3.5
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Yable 16

Flow system of COg -~ carbon-14 on silica

uffect of elcetrical condition of carbon on the rcactlon rate.

JLnode voltage +25 volts. Reoction times = 4.0 ninutes.
Flow Lverage COqg e Carbon~-14
Run Pressurc Currcnt Pressurc Pressurc Leotivity
(n He) ( nmk.) (p Hg) (p Hg) (cepems)

a) Carbon-14 at the sane potential as the anode (+25 v.)

239 65 10.2 40 20 811
240 60 9.1 &1 17 767
241 61 44D 48 11 503
242 65 6.8 45 11 522
244 68 643 59 2 726 .
245 62 3.9 86 6 400
246 62 5.4 53 8 580
247 62 7¢5 56 2 5564
249 64 8.9 57 2 805
261 64 740 o7 8 521
2565 63 5.3 52 6 443
258 62 5.0 b5 6 418

b) Corbon-14 at thce samc potential as the cathode (earthcd)

256 68 4.1 60 5 137
257 62 2.9 60 4 112
260 60 5.9 53 7 120
261 61 6.0 56 6 154

c) Carbon-14 clectrically isolatcd from the anodc and chthode

248 63 4.5 5% 7 201
250 63 3.8 58 5.5 196
2562 61 5.8 56 7 187
253 62 8.2 54 7 592
254 62 6.3 a0 7 316

d) Anode and corbon-14 ot samc potenticrl as the cathode (thernal effect)

243 63 0.0 55 o 06
209 63 0.0 59 S : 113
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Tablc 17
Flow systen of COg = carbon-14 on silice
Distribution of carbon-14 in the gas phase.

Anode ond corbon-14 at +25 volts. Recaction tincs = 4.0 minutes,

Flow hLverage COq co COq Total 1400

Run Pressure Current Pressure Pressure [Activity Activity _ 2
(p Hs) ( mhe) (p Hg) (p Hg) (copents)  (Cupeorts) 14CO+14002

266 64 49,4 a7 2% 522 775 0,68
267 63 39,3 45 16 395 492 0.80
268 63 317 49 12 286 334 0.85
269 65 91.6 356 25 407 604 0.67
270 65 63,4 47 14 262 322 0,81

271 63 5443 44 13 197 224 0.88



Table

Flow system of 002

18

Carbon-14 on nolybdenum
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Voltage applied to molybdenum only. Reaction times 2.0 mins.
Reaction rate as function of electron energy.
Applied  Average Flow Garbon-14 Cv - C
Run Voltage Current DPressure Activity
(volts) ( mA,) (p Hg) (c.p.m.) T

347 0 51 113
348 54 08
349 15 12.1 53 226 11.2 £ 0.5
350 0 0 52 92
351 12 5.2 55 127 11.5 ¥ 0.6
352 0 52 110
353 12 3.4 54 130 2.7% 1.5
354 0 52 89
355 12 1.6 53 106 10.0 £ 2,5
356 0 55 o1
357 0 0 53 109
558 0 52 95
559 0 52 81
360 12 2,1 52 107 11.9 £ 1.9
361 0 0 52 85
362 10 0.55 52 76 -
365 0 0 52 79
564 15 15,0 54 207 9.1 £ 0.3
365 0 0 52 76
366 14 5.9 55 109 8.8 = 1.2
367 0 0 53 75
368 20 64,2 54 1064 15.4 £ 0.2
369 0 0 52 87



Table 18 (contd.)
Applied  Averase Flow Carbon-14 C =-¢C
Run Voltage Current Pressure Activity v -
(volts) ( mA.) (p lg) (cepema) T

370 20 11.5 53 253 14,4 ¥ 0.4
571 0 0 52 87

372 18 11.7 54 257 12.8 ¥ 0.4
575 0 0 52 71

374 22 15.7 54 297 14.4 £ 0.4
375 0 0 52 70

376 16 4,8 54 125 11.5 £ 1.1
377 0 0 54 72

578 21 10.0 55 214 14.2 % 0.5
379 0 0 55 75

380 19 14.5 52 285 15,3 = 0.4
381 0 0 52 68

382 14 5.5 55 108 11.4 L 1.1
385 0 0 52 70

384 24 10.5 52 202 14.5 £ 0.5
385 0 0 52 62

386 17 5.2 52 145 15,6 = 0.8
587 0 0 52 57

388 20 5.8 52 162 18.1 £ 1.0
389 0 0 55 59

390 14 3.6 51 106 15,1 = 1.0

173,
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APPiIDIX D

Rote of reection 002 = CO0 + 0 on striking the heated filament,

From the kinetic thcory, the number of gas molecules striking

unit arca in unit time is equal to ¢ n
— 4 !—Ql
where c¢ = mean molecular velocity = 0.921 ] ¢

n = number of molecules per unit volume

At 60 p Hg, n = 2.15 x 100°  oms.”?
At 0° . %= 5,96 x 10° oms. sec.”t  for co,
Area of the filament = 2,0 cms.2

Therefore, the no. of 002 molecules striking filament per second
2 x 2.15 x 0.921 x 3,96 x 10°°
4

= 5.88 x 1047 sce.”t

The probability of the reaction 002 = 00 + O taking place when

'» \\
the molecule strikes the filament may be approximated to the value of

the ratio o » wherc the values of the partial pressures arc obtalned
Peo,

from the equilibrium constant equation

AT = -RT log.K
b
Now It P P p2
N = 0o X
p —c = ° (pressures in ats.)
Peo, pcoé

or, P, 21‘/760 x 1075 x Peo, * K (pressures in Pﬂg.)

At 1500° €. Ky = 5.27 x 1070

Thercfore, when Pooy, = 60 B Hge , po = 1.22 x 109 p He.

Hence the rcaction probability = 2 xlO_5
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Using this value for the rcaction probability the rate of

decomposition of €O, molceules will be equal to 7,76 x 104 sec:,._1

2

If we assume the reaction vessel to have a volume of 2 litres the

rate of pressure decrease will be 0.73 p Hg. !

This is of the same order of magnitude as that encountered

~|

1)

o
experimentally of 1.8 p Hgen To this approximate calculation the
following corrections may bc made:

1) The r.n.s. velocity of the CO, molecules in the region of

2
the filament will be that duc to a tempcraturc in cxcess of 0° C. and
may be closc to the tcmperature of the filament of 1000° C, .

2) The method of calculating the reaction probability used here
is almost certainly at fault. However, the valuc obtained of 2 x :l.O—5

. ") . Cns
is close to that of 107 quoted by K. Laidler { The Chemical Kinetics

of Lxcited States ) for the transmission co-cfficicnt of the reaction

co( *B) + o( °°) = cop( 1L).
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