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SUMMARY 

Practical problems encountered in the use of the electron 

capture detector have been investigated. A theoretical model is 

also proposed for the instrument. 

Detector characteristics and operating parameters are dis— 

cussed end an experimental study investigated their influence on 

the detector response. ‘The two principal processes occurring with— 

in the cell, electron attachment and recombination are also dis— 

cussed and partly based on the consideration of these processes, 

a kinetic model is proposed for the ECD. An attempt has been made 

to verify experimentally some of the assumptions made in the 

present theory and in other previous models (which have been dis- 

cussed as well). The experiments included the use of electrostatic 

probes to determine the positive ion density in the cell, oscillo~ 

scope traces of the current pulse and current measurements on the 

ges outlet to observe the effect of carrier gas flow. 

The proposed model has shown an improvement in the pred- 

iction of the detector response observed when only pure carrier 

gas is flowing through the cell. It is further used to determine 

the electron-ion recombination coefficient for the most likely 

positive ion (0°) present when moist helium is used as carrier 

gas.
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"To climb steep hills 

requires a slow pace at first." 

Shakespeare, Henry VIII Act I, Sc.I
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INTRODUCTION aL 

The conductivity of gases in an ionisation chamber is 

exquisitely sensitive to small changes in gas composition. Sever- 

al eetotoras based on this observation, have been constructed for 

use in gas chromatographic systems. The recent emphasis on analy= 

sis of environmental pollutants present in trace amounts has brought 

one of these detectors, namely, the electron capture detector (ECD), 

to the forefront. 

The ECD, since its inception in 1960 by Lovelock and 

Lipsky(1) has been extensively used in investigations of biological, 

physical and chemical importence. Its contribution to topics of 

scientific interest can be chiefly attributed to its extreme sensit— 

ivity, and the ease with which it can be operated. Its design is 

also relatively simple and has only been slightly modified since it 

was originally devised. The ECD still is a two-electrode ion 

chamber with an internal radiation source, 

Physiochemical aspects of free electron reactions have been 

studied with the aid of the ECD. ‘The toxicity or biological activ— 

ity of compounds such as dinitrophenol and thyroid hormones has 

been sugzested\>) to be due to their ability to function as irrever~ 

sible electron traps. Carcinogenic activity of compounds such as 

polycyclic aromatic hydrocarbons, halogenated aliphatic hydrocarbons, 

azo dyes and quinolinol N— oxides has been loosely qinied >) to the 

ability of these compounds. to extract electrons from their normal 

path in a living cell, 

Characteristic ‘spectra’ based on the measurement of cross— 

section for electron attachment at different electron energies 

have been lobeained 4) by applying radio-frequency potentials to the 

ECD. 

Dissociative electron capture or attachment has also been 

the subject of many investigations in which the ECD has played a



paramount role. studies (>) have attempted to distinguish between 

two mechanisms by which attachment of thermal electrons to aliph- 

atic and aromatic halogen compounds proceeds : 

a) electron attachment to a thermally excited molecule follow- 

ed by direct dissociation into a halide ion and a radical 

ABY 4 e— > 4 + B 

b) electron attachment to form a stable negative ion of the 

molecule which in turn becomes thermally activated to 

undergo dissociation into the halide ion and a radical 

‘B+ @ ——>» (5) ———> ata Be 

The electron capture detector has been most widely used 

however, for analytical purposes. It has provided reliable 

results. in analysis of pesticide traces in materials of biological 

origin. This is but one example of its use in this field; others 

are its use in the determination of a vast array of suitably der- 

ivatised biochemicals and drugs, chelated metals, meteorological 

tracers, air pollutants and lead alkyls. ‘The literature, conseq- 

uently is voluminous, An extensively comprehensive review on the 

application of the ECD to various fields, % primarily concerned 

with its function under various analytical circumstances, has 

been published by R. V. smith (©) . 

It is the detector's use as an analytical tool that has 

attracted attention and aroused controversy. Aue and Kapital) 

point out that entirely due to the ECD, terms such as polychlorin— 

ated biphenyls' have ascended to household prominence and it is 

partly responsible for the discontimmed use of DDT in countries 

around the world. 

The instrument's controversial nature arises largely 

from a lack of understanding of its mode of action, This becomes



apparent from the difficulties and problems faced by GC operators : 

the ECD is or is not disturbed by water; its standing current is 

or is not dependent on either gas flow rate or temperatures; it 

is or it is not a mass-sensing device. Negative excursions 

below the baseline after the emergence of a peak and shifting base- 

line are phenomena experienced regularly. 

Besides these practical problems there exists theoretical 

deficiencies. Models, explaining numerically the signals it 

generates, are often inadequate for various reasons outlined later 

in this work when they are more fully discussed. The ECD's 

response is a complicated function arising from the interaction 

of several Physiochemicad parameters. This has made the task 

of predicting the signals it generates difficult. 

A programme of fundamental study has therefore been under— 

taken to resolve some of the practical problems faced and a theor— 

etical model is proposed for the ECD. The model makes use of 

carrier gas parameters, such es positive ion mobilities and elect— 

ron-ion recombination coefficients (which have been well established 

by other techniques) to calculate empirical factors introduced in 

the theory.



CHAPTER TWO - DETECTOR AND OPERATION CHARACTERISTICS 

2.1 DEVECLOR CLASSIFICATION 

A gas chromatographic detector senses the variation in the 

amount of sample passing through it. The response can be classif— 

ied as concentration dependent, mass flow-rate dependent, or as a 

mixed function. ‘The concentration detector produces a signal that 

is proportional to the amount of solute per unit volume of carrier 

gas passing through the cell. A mass flow-rate detector gives a 

signal that is proportional to the amount of solute passing through 

it in unit time, but is independent of the volume of carrier gas 

required for elution. The flame ionisation detector is an example 

of this latter class while the electron capture detector has been 

classified as a concentration detector for certain classes of 

compounds » 

Qualitative gas chromatographic analysis involves separation 

of the sample into its constituents. Quantitative evaluation of 

the resulting chromatogram consists of determining the absolute 

or relative quantities of individual components. This necessit— 

ates the determination of peak areas, ie. integration of the det— 

ector signal with time. With detectors of the first category, the 

signal is proportional to the sample concentration, C, in the 

carrier gas. The peak area, A is expressed as 
: f 

avafe Gb eed fee at [1] 
1 2 

where @ is a constant of proportionality and £, and fy are the 

flow-rates (moles per second) of the sample and the carrier gas 

respectively. A proportionality between peak area, A, and the 

quantity of the sample holds true only for constant flow-rate 

(£4 + f5)+ as can be seen from Equn. [2].



i tet [+ at [2] 

at a given temperature and pressure. 

The signal produced by detectors of category two is proport— 

ional to the mass flow-rate of the sample. In this case, the peak 

area is. proportional to the size of the component, even if the flow- 

rate of the gas mixture, (£, + £5). changes during the measurement. 

Fluctuations in the carrier gas flow-rate give erroneous 

results for the concentration-sensitive detectors. Haass (8) has 

pointed out that this adverse effect can be minimised by the add- 

ition of a Scavenger gas though at the expense of some loss in 

sensitivity. 

2.2 CELL CONFIGURATIONS 

The ECD is basically a two-electrode chamber through which 

gas can flow and which contains a source of ionising radiation. 

There are three principal forms in use today and these are illust— 

rated in Fig.(1) Early ECD's were generally converted argon ionis— 

ation detectors operated at low applied potentials. Such detectors 

have coaxial geometry with the anode located along the axis of the 

cell and surrounded by a cylindrical cathode to which is attached 

the radioactive source. In the plane parallel configuration, the 

anode and the cathode are arranged parallel to one another at the 

end of an electrically insulated chamber. In the concentric cyl- 

inder nop?) y the cathode houses: the radioactive foil but the 

anode is removed and isolated by a Kovar glass union. The third 

version is really only useful when a continuous d.c. voltage is 

applied across the electrodes. 

These detectors function satisfactorily if due attention 

is paid to the peculiarities of each, and care is taken to optimise
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the operating parameters. A comparison between these geometrical 

types has been maparteds 0) but they are difficult to evaluate 

because a large mumber of experimental variables affect their over- 

all performance. In the design of a practical detector, the dimen— 

sions are certainly more important and these are considered in the 

experimental section where a plane parallel cell used in the present 

studies is fully described. 

2.3 BASIC PRINCIPLES OF OPERATION 

At normal temperatures and pressures a gas behaves as a 

perfect insulator; if however, electrically charged atoms, molecules 

or free electrons are present, their motion in the direction of an 

electrical field renders the gas conducting. The radio-active 

source emits energetic B particles which undergo ionising collis— 

ions with carrier gas molecules. The application of a voltage across 

the two electrodes creates a potential difference, allowing the 

collection of charged species present in the cell. The resulting 

current is measured on an electrometer connected in series with the 

ECD. 

At atmospheric pressure, the principel process causing the 

loss of ions at low field strengths is the recombination of negative 

and positive ions to regenerate neutral molecules. The probability 

of recombination between a free electron and a positive molecular 

ion is between 10° and 10° less than between oppositely charged mole- 

cular ions. The formation of negative ions through electron capture 

results in a rapid disappearance of charged species in the cell at 

low applied fields. Consequently, the presence of an electron cap- 

turing gas or vapour reduces the observed signal of the ECD corres— 

ponding to a decrease in the standing current (ie. current when only



pure carrier gas is flowing). 

2. SPACE CHARGE DEVELOPMENT 

The current-voltage relationship of a gas filled insulated 

vessel containing two plane parallel electrodes is well establishea("), 

as the voltage increases the current tends towards a constant level, 

the saturation current, corresponding to the collection of all ions 

and electrons generated within the chamber (Fig. 2). At higher volt- 

ages the current increases again and tends to infinity at some finite 

applied potential. ‘this is because the electrons originally formed 

by irradiation (or by any other ionising source) in the gas, gain 

energy from the field and reach velocities which enable them to ion- 

ise gas molecules. The length of the saturation current plateau de- 

pends upon the nature of the gas and on the density of ionisation, 

Practical ionisation detectors need to be operated at some voltage 

in the plateau region so as to provide a current directly related to 

the concentration of the sample present. 

Je Ee Lovelock (12) has pointed out that in an ion chamber 

where the applied potential is low and ion density is high, the 

current flow is strongly affected by the development of space charges. 

The situation is similar to one that exists in gas filled electronic 

diodes 12), So many electrons are emitted from the thermionic 

cathode that only a fraction of them are collected by the anode at 

the working potential. The remainder form a ‘cloud! of negative 

charges, known as a ‘space charge', near the cathode, In the ECD, 

the positive ion concentration may be several thousand times greater 

than the free electron concentration. This is simply due to the 

fact that the free electrons are collected very soon after their 

formation whereas the positive ions with their lower drift velocity
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10 

move only slowly to the cathode and accumlate there as a space— 

charge cloud. In general, electrons have a mobility a thousand 

times greater than the positive ions in their om gas. For a plane 

parallel geometry chamber, Sharpe's ('4) equation derived for space 

charge limitation is 

se: 
i Oe {3] 

where N is the rate of ion production; k , is the electron mobility; 

V, is the applied potential and d is the electrode separation. N is 

that at which the space charge reduces the field at the anode to 

zero. The equation suggests that the extent of space charge limit~ 

ation is reduced by using small chamber dimensions and a high pot— 

ential. 

2.5 PRODUCTION OF THERMAL ELECTRONS 

Secondary electron production in the cell occurs through 

inelastic and elastic collisions between the primary electrons, ie. 

the Pp particles. and molecules of the carrier gas. Beta-particles 

3 released from a “H source have a maximum energy of 17.6 — 18.9 keV, 

while those from 35 are about 67 reo 19) , However, these particles 

rapidly lose their energy in ionising collisions until their energy 

is less than that necessary for formation of an ion pair. Approx— 

imately 36 eV are expended in forming a nitrogen ion pair, while 28 

eV are necessary in Broan cee The electrons produced by 

the p's will initially have an energy in excess of thermal energies 

put they rapidly lose energy in collisions until their average 

energy is thermal (about 0.03 eV). With nitrogen as carrier gas, 

the reactions are as follows : 
- * eae Ny —> Ny + e@ +e 

+ + 
Someta 4



In pure argon, only elastic collisions can take place once 

the energy is below the excitation level of argon. However, if 

argon containing a quench gas (eg. methane) is employed, then the 

energetic electrons produced are thermalised during collision with 

the quench gas. The decay of argon metastables via the quench gas 

is also facilitated. ‘he reactions can be stated as follows: 

- 2 + S * 
po o+ & — > *¥ + e& + e 

- Applied -\* Az 4 aa) (11.6 ev) 

-\* ° - + (ar’) + CH, ———> Ar’ + e& + CHy = energy. 

the 
Possible modes for the loss of energy in, presence of methane 

are through excitation of low-level vibrational and rotational states 

of the gas. Thus, a reduction in temperature and deceleration of the 

fast electrons results. 

An estimation of thermalisation times has been made by 

Warman and ganar 1) -« They demonstrated that thermalisation of elec— 

trons occurred in fractions of a microsecond when n-hexane is used with 

monatomic or diatomic gases; in the absence of a quench gas, the 

electrons were not completely thermalised even after 50 ms. Wentworth 

et a., (18) estimated that an electron with an energy of 10 keV is 

cooled to 10% above thermal energies in 0.076Us. As the energy of 

activation or electron affinity for a solute molecule may be 0 — 4 eV, 

it is apparent that the thermalisation of electrons occurring from 

highly energetic Bp particles is necessary in order to allow or en- 

hance the capturing process while minimising solute ionisation. 

2.6 MODES _OF OPERATION 

The ECD has basically three modes of operation : 

a) d.c. continuous mode
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b) pulsed mode = 

c) constant current mode, 

In the first mode, a constant potential is applied and this 

produces a migration of charged species towards electrodes of 

opposite polarity(19) , As a result, a composite current of electrons 

and ions results, rather than a pure electron current. Detector con- 

figuration and the species to be measured determine the choice of the 

d.c. potential as well as carrier gas composition and detector contam- 

nations) This requires an initial determination of the detector 

output current versus voltage for a set of analytical conditions. 

There are some inherent errors in this mode of operation. 

Application of a direct potential prevents the electrons from reaching 

thermal equilibrium with the carrier gas molecules and therefore de— 

creases the probability for capture. ‘The problem is acute in the 

noble gases and to a lesser extent in nitrogen, since the energy 

gained by the electrons from the applied field is not easily lost 

during their elastic collisions with the gas moisenlaesle) Besides 

the electron energy, the probability of electron absorption depends 

also on the half-life of the electron in the cell. Changes in this 

quantity leads to a non-linear response to varying sample concent— 

eon 2) ° 

The space charge of positive ions in the vicinity of the 

cathode sets up a potential in opposition to that applied to the 

ECD and it may hinder the collection of free electrons. The pre- 

sence of a polyatomic vapour in the cell changes the electron 

mobility and as a result, the extent of the space charge cloud and 

the observed current. 

The temporary absorption of a trace of an eluted component 

upon one of the electrode surfaces can give rise to a contact pot— 

ential which may either enhauce or oppose the applied potential.
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Lovelock'2) has pointed out that where the contact potential opposes 

the applied potential, the chromatogram peak has an erroneously 

large area and frequently shows severe tailing; where the potential 

enhances that applied to the detector, there is a diminished response 

and the peak may show a drift below the base line at the tailing edge. 

There is also the additional effect of reducing the number of Beta 

particles emitted if the absorption has occurred on the electrode 

with the radiation source. 

In the d.c. mode, the ECD could respond to other parameters 

of the sample introduced in the carrier gas stream besides electron 

attachment ('2), ionisation cross-section, electron mobility and 

metastable atom ionisation processes ("argon" detection), The ex- 

tent to which these other detection processes predominate in the d.c. 

mode, depends upon the gas composition in the cell, the intensity of 

the radiation source, the geometry of the detector and the magnitude 

of the applied potential. 

When the ECD is responding as an argon or as a cross-section 

detector, in addition to its function by electron absorption, peaks 

below the base-line have appeared together with a reduction in peak 

height. 

It is difficult to avoid these and other possible sources of 

error inherent in the d.c. mode, There are however, elternative 

methods in which electron absorption takes precedence over the other 

detection methods outlined and anomalous effects of space charge 

limitation, contact potentials and changes in electron energy can 

be avoided, 

In the pulse mode of operation, square wave voltage pulses 

(Fig. 3) are applied across the electrodes for a very short time — 

1to5 jis depending on the carrier gas and the geometry of the 

cell. The pulse amplitude (V) and width (W) is sufficient to
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collect all electrons and it is generally stated that the contri- 

bution of ions to the current is negligible. When the applied 

potential is zero, ie. during the pulse interval (s), the electrons 

in the cell are in thermal equilibrium and there is no drift of 

charged species in either direction; consequently, space charge 

effects are minimised. It is also generaliy(12) believed that with 

the pulse sampling technique, contact potential effects are rarely 

encountered as the pulse amplitude (about 50 Volts) is sufficiently 

large to counteract the contact potential and yet collect all 

electrons present in the cell. With argon + methane as carrier gas 

and the cell operated in the pulse mode, the detector cannot funct— - 

ion either as an argon detector or an electron mobility detector, as the 

electron energy is maintained at a constant thermal level. Hence, 

many anomalous responses are avoided and the highest sensitivity 

and stability is usually obtained by operating in this mode. 

The third mode of operation is where the detector current is 

held constant while the frequency of the applied pulses is veriea $22) 

Briefly, a reference current, I, is compared with the average 

current, I» and the applied pulsed frequency, maintains via feed- 

back the relationship @ - I,,) = O 

As 4 begins to decrease due to an electron capturing species enter- 

ing the detector a AI is produced. The magnitude of AI is amplified 

and the amplifier output voltage proportionally changes the applied 

pulse frequency so as to maintain the abave relationship. 

Thus, the magnitude of change in pulse frequency becomes a 

measure of the concentration of the electron capturing vapour. ‘The 

linear dynamic range has been reported\s!) to be 5x 104 fora 

10 mCi &3 Ni detector operated in this mode. 

Some of the notions generally accepted regarding the ECD's 

operation are illfounded; these will be discussed in the experimental
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section. It is to be noted here that they relate to the possible 

effects of the space charge and the interpretation of the observed 

current in various modes of operation.
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CHAPTER ‘THREE — THEORY 

21 ELECTRON AT4'ACHMENT 

When an "electron capturing" solute enters the detector, 

a large number of low-energy free electrons are available, providing 

an ideal environment for electron attachment. ‘he solute molecule 

may attach an electron to form either a negative molecular ion, 

e + AB——> AB + energy 

or a neutral radical and a negative ion 

e + AB—— >a’ + B = energy 

The collisions in which electrons attach to atoms to form 

stable negative ions involve a release of energy, since a stable 

negative ion has an energy somewhat below that of its parent atom 

and free electron, The binding energy of the extra electron is knom 

as the electron affinity, EA. In the case of a molecular negative 

ion its ‘adiabatic electron affinity' is defined as the difference 

between the electronic energies of the molecule and the negative ion 

state and thus different from the vertical attachment energy (22) . 

Only for a few organic compounds has the electron affinity 

been measured, Thermodynamic techniques are more suited to investig- 

ations of molecular electron affinities than other techniques such as 

photodetachment and electron impact thresholds. In the magnetron 

device (23) @ very pure metal filament is surrounded by two grids and 

a cylindrical anode. A magnetic field is applied parallel to the 

filament. ‘he first grid is held several hundred volts positive to 

the filament to minimise space charge current limitation. The 

second grid suppresses secondary emission from the anode. The total 

electron-plus-negative ion current is measured in the absence of the
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magnetic field and the negative ion current is measured on its om 

when the field is applied. From a measurement of the temperature 

dependence of the relative abundances of electrons and negative 

ions, the electron affinity is calculated using Boltzmann statistics. 

Electron affinities, measured with the aid of the ECD, have 

been reported for several aromatic Compounds ro? 24, 25) - They are 

presented in Table Ones; their derivation is based on the kinetic 

theory developed by Wentworth and his eoerorcare Gd) « ‘The theory is 

discussed in section (3.3). The electron affinities need to be used 

with caution as most of them Revel been confirmed by other techniques; 

in cases where they have been measured by other methods, a serious 

discrepancy exists. For example, Page and Gooae (26) measured EA 

for azulene by the magnetron technique and found it to be 2.66 eV. 

It has been shown(27) that the problem of negative ion stab— 

ility can only be approached by using the nuclear kinetic operator, 

For stability of a negative ion, the wave function must contain at 

least as many molecular spin orbitals of given spin symmetry as does 

that of the neutral molecule, 

TABLE ONE 

ELECTRON AFFINITIES FOR SELECTED AROMATIC COMPOUNDS 

COMPOUND ELECTRON AFFINITY (ev) 

Naphthalene 0.152 

Triphenylene 0.284 

Phenanthrene 0.308 

Anthracene 0.552 

Pyrene 0.579 
Azulene 0.587 

Nitrobenzene 0.850 

Chlorobenzene 0.860 

0-Chlorotoluene 1.100 

m-—Dinitrobenzene 1.430
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There is also an additional factor affecting the existence 

of stable molecular negative ions. The lowest stable state of a 

given system of nuclei and electrons mst always posses a certain 

geometrical configuration, Should the addition of a single electron 

to a system imply a change in the geometrical configuration, then it 

is difficult, if not impossible, to form the negative ion by collis— 

(28) When the formation of a ions of the molecule with electrons 

negative ion requires deformation, a significant 'activation energy' 

of attachment may arise, even though the adiabatic electron affinity 

is positive (ie. stable negative ion). 

The molecular attachment process, yielding the negative ion 

of the parent molecule, can only proceed via an excited state, since 

it is a resonance process and the molecule has a real electron 

affinity. The excited state, which may be purely vibrational, may 

either be deactivated collisionally (three-body attachment) or pass 

radiatively to the ground state. A third possibility is that the 

negative ion exists for periods of the order of a few microseconds, 

detaching spontaneously after this time. 

The rate of formation of stable AB by electron capture 

followed by collision stabilization is proportional to the pressure 

at low pressures but, owing to saturation, becomes independent of 

it at higher pressures. Mossey(29) showed that the total probability, 

p', of the ion being stabilised by collision before it breaks up is 

P - [ox {+ (4+ + 3) at/T 

Of Loert 

p = P/ (P+P') 

where P is the gas pressure and P’ a critical pressure for which 
’ 

© =7 . The average time taken for a vibrationally excited ion
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(aB-)” $¢o lose its excess energy through collision with a gas 

molecule is 7; the time before spontaneous dissociation occurs is 

©. The above equation suggests that if P is large enough then p 

becomes independent of it. 

Dissociative attachment proceeds by resonance capture of an 

electron by the molecule AB, into an antibonding quasi-stationary 

state AB. There is then competition between dissociation and the 

autodetachment process AB———}> AB + e. Fig. (4) illustrates the 

potential energy curves for both the dissociative and non-dissociat— 

ive capture processes. In all three cases (a), (b) and (c) curve I 

is the potential energy curve of the initial state of the neutral 

molecule AB while the second curve in each case represents that for 

the state of the negative molecular ion into which the electron is 

captured. Briefly, the three possibilities are: 

Case (a) 

Electrons with energies between E, and B2 are captured and 

molecular dissociation results, giving atoms A and ions B with 

kinetic energies lying between E3 and Eq. 

Case (b) 

Electrons with energies between EB, and B3 are captured and 

lead to molecular dissociation while electrons with energies between 

Bz and EB; give rise to a vibrationally excited molecular ion (Gin). 

Case (c) 

Blectrons with energies of about Es are captured giving rise 

to an excited molecular ion which at higher pressures is stabilised. 

Negative ions formed by the capture of very slow electrons 

(with thermal energy) will normally be molecular ions AB formed as 

described above. The reverse process, ie. detachment proceeds through 

collisions with gas molecules 

AB x AB 4X ed
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and the energy required to detach the electron is obtained by 

transfer from kinetic energy of relative poten oe At ordinary 

temperatures, T, the fraction of gas molecules possessing sufficient 

translational energy will be small, unless the electron affinity of 

X is comparable with 3/2k or the electric field accelerating the 

ions is large enough for them to acquire that energy, 

The electron affinity for a parent molecule which forms a 

stable negative ion will determine the overall parent ion stability 

but not necessarily its "electron attachment capacity". The probab- 

ility of electron attachment can be interpreted in terms of the 

capture cross-section. For dissociative capturing molecules, the 

process may occur with a high capture cross-section and with almost 

zero energy electrons if the molecules contain electrophores whose 

electron affinity exceeds the bond dissociation energy (21), This 

suggests that an absolute measurement of the electron attachment 

capacity of a sample molecule is its capture cross-section and not 

its electron affinity. Hence, the probability of electron attachment 

is related to electron affinity, energy of activation, cross-section 

for collision and consideration of bond stability versus dissociation 

into stable ions. The electron capture coefficient, K, is the net 

result of all these processes. 

Burdett (32) concluded that the response of the ECD does not 

vary directly with the electron affinity of the molecules which are 

introduced in the gas stream but rather with their electron capture 

cross-section, As indicated above, this depends on the nature of the 

molecules besides the energy of the attaching electrons. Hence, it 

is necessary to investigate the relationship of molecular structure 

to sensitivity in electron capture detection, 

It is generally recognised by investigators who employ electron 

attachment techniques that only relatively few organic compounds
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readily accommodate thermal electrons, The probability of electron 

attachment for different solute species, as shown in Table 2, cover 

a wide range of at least a million fora. (19933) The relative 

attachment coefficient, K', for thermal electrons by compounds is 

generally made with respect to chlorobenzene, which is assigned a 

value of one. 

For halogen-containing compounds, the magnitude of K' is 

inversely related to electronegativity and bonding energy. A decrease 

in K' is observed for the series I> Br> C1> F. 

Studies have been made on the relative contribution of 

chloro, nitro and amino substituents and their influence through ar- 

omatic ring substitution on overall songitivity (os Observations can 

be rationalised on the basis of increased or diminished electron 

density in the aromatic ring via resonance and the electron-withdraw- 

ing and releasing character of the function groups. 

Examples of good electron capturing compounds are alkyl di- 

and trisulphides and organometallics. In alkyl-lead compounds, some 

correlation exists between increasing alkyl chain length (possibly 

electron-releasing effect of ethyl) end overall sensitivity. 

Predicting coefficients for attachment becomes more compli- 

cated as the complexity of the molecule increases. In general, 

knowledge of the structure of negative ions formed is seriously lack- 

ing, making it difficult to predict the effect of functional groups 

when present in large molecules. 

3 RECOMBINATION PROCESSES 

In the d.c. mode, at low applied potentials, the major pro— 

cess causing the loss of ions and electrons is recombination. It 

also occurs in the pulsed mode at long pulse interval. Hence, an 

understanding of the recombination phenomenon is necessary if a 

kinetic study of the processes taking place in the ECD is to be
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RELATIVE ATTACHMENT COEFFICIENTS FOR VARIOUS COMPOUNDS 

CHEMICAL CLASSES 

Alkanes, alkenes, 

alkynes, aliphatic ethers, 

esters. 

Aliphatic alcohols, ketones, 

aldehydes, amines, nitriles. 

Barbiturates, thalidomide, 

alkyl—leads 

Pesticides, dibromo and © 

trichloro compounds 

Polychloro, quinones, 

dinitro compounds 

0.01   

SELECTED EXAMPLES 

r-— Hexane 

[-— Benzene 

-— Cholesterol 

[— Naphthalene 

0.10 
  

I— Vinyl chloride 

+— Chlorobenzene   
1.0 

300 

1000 

10,000
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undertaken, 

When an electron and a positive ion recombine, energy mst 

be released in some form. The different mechanisms for carrying off 

this surplus energy give rise to the possible processes of recombin- 

ation. They may be summarised as follows: 

a) Radiative recombination 

‘ie A oY 

b) Dielectronic recombination 

ae pe > an 

AN—> At + hv 

or A" + B——5A' + B+ kinctic energy. 

Here, the surplus energy is given to a second electron in the positive 

ion so that a doubly excited atom or molecule is formed. It may then 

be stabilised by emission of radiation or by collision. 

e) Dissociative recombination 

ABT + eS At + BE 

a) Three-body recombination 

at 4 ce + B—>At + B + kinetic energy. 

At high neutral gas pressures, the latter process is certainly 

the most important for removing surplus energy. The process is amenable 

to classical treatment; in the original analysis by thonson'29), 

recombination took place if a collision with a third body is suffered 

by either ion or electron when its distance, d, from the third body 

2 
is d < 2 

where e is the electronic charge; k, the Boltzmann constant, and T 

is the temperature, 

This assumption leads to the following expression for the 

recombination coefficient, XT, in terms of the electron momentum
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transfer cross-section 6g. : 

Oy = 64.(302)/2 62 te GA _No 
81 yo (ten) 2/2 

where the subscript zero refers to the neutral species and No is 

Loschmidt 's number. 

Besides ‘volume' electron-ion recombination, there is the 

possibility of losing charged particles through recombination at 

the walls of the cell, The electrons, which travel the fastest, 

tend to diffuse outwards and stick to the cell walls, where they 

remain until neutralised by an incident positive ion. In the steady 

state, the mumber of electrons crossing unit area in unit time at 

any point is equal to the mmber of ions and the ‘ambipolar speed’, 

Va , is given by 

Va = - Dat a 
KH dx 

where N is the charge density and Da is the ambipolar diffusion co-— 

efficient. It is normally expressed in terms of the diffusion and 

mobility coefficients (D and k respectively) of the charged particles: 

Dare) Disko pemice 
(kt + k-) 

Operation of the ECD in the pulse mode minimises wall recom 

bination as a result of ambipolar diffusion, since the applied field 

lasts a very short time only. toe (6) has pointed out that ina 

time of 107? second, the amount of diffusion is negligible. 

Collisions between a positive ion AY and a negative ion B, 

which can lead to neutralisation of charge may be summarised as 

follows: 

a) two body process, 

at + B—)A + B in which the excess energy is 

distributed as kinetic energy among the collision products. 

b) three body process,
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of 
ao + B+ CO— 5A + B+ C where excess 

internal energy is removed by another atom or molecule, 

honson's (25) three body recombination theory has proved 

very successful for gas pressures less than 10° torr. The recomb— 

ination coefficient, 7, in terms of the masses of the two ions, 

Mi and M2 is expressed by 

Or = 8 (3n2)/2 et Mi_e+ M2 1/2 
9 (en) 3/2 M1- M2 

for pressures in air between 700 and 1000 torr. 

Tengevin 2) based his calculation of the recombination co— 

efficient, Ker at pressures greater than two atmospheres on the 

mobilities of the ions : 

Xp = 47 et (ke, + k) 
+ 

In the presence of sample molecules, the recombination of 

negative ions (formed by electron attachment) with positive ions 

resulting from ionisation of carrier gas molecules, will dominate 

that involving electrons as the negative species. At long pulse 

periods, it may be possible to calculate recombination coefficients 

for certain species (eg. H,0") from the response of the ECD as 

recombination is certainly the principal process occurring under 

these conditions. 

3-36 PRESENT KINETIC MODELS 

The earliest attempt to describe quantitatively the ECD's 

response is the Beer's Law interpretation due to Lovelock (37) , 

This model is based on electron attachment phenomena, as discussed 

in the text by Healey and peed (28) , The detector response, S, is 

related to the concentration of electron capturing species accord— 

ing to the following equation 3 

$/Io = 1 - exp (-KxC) [4] 

where Io is the detector current in the absence of electron acceptors
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and S is the loss in current due to the presence of the capturing 

species whose concentration is C. x is a characteristic dimension 

of the detector. The constantK is related to the electric field 

strength and the electron capture cross-section of the sample. As 

a first approximation, the above equation serves well to predict 

the observed current but is not meant to represent all the process— 

es occurring in the cell. Moreover, it is only applicable when the 

ECD is operated in the d.c. mode, 

A kinetic model for the mechanism leading to stable negative 

ion formation has been developed by Wentworth, Chen and Tovetock |), 

Differential equations describing the processes occurring in the 

ECD when operated in the pulse-sampling mode are solved using the 

steady state approximation. 

Several assumptions are made in the model: 

a) The rate of production of thermal electrons is constant and 

not affected by the presence of the added capturing species. 

b) The reaction zone is localised in the region about 1 to 2 mn, 

from the tritium foil. 

ce) The reaction zone includes a cloud of ions, electrons and 

radicals in addition to the argon-methane mixture and the 

electron capturing species. 

a) The 'cloud' is not neutral but has an excess of positive 

ions and radicals. 

e) The reaction zone-is homogeneous and can be treated as a 

static system with respect to the electron concentration. 

f) There is slow removal of material from the cell by flow of 

the carrier gas. 

g) Recombination is the principal process by which electrons 

are lost in the presence of the carrier gas alone. Diff-— 

usion losses are minor. 

h) If the negative ions are stable, then detachment of the
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electrons can occur or they can recombine with positive ions. 

A host of subsequent reactions are possible when the negative 

ions dissociate. 

i) The amount of material which undergoes electron capture is 

small in comparison to the total amount of material present. 

The process taking place in the cloud and their respective 

rate constants are described as : 

—~ 
B + Ar + Ci we e +8 

- xn‘ 
e@ + e@ ————~) neutrals 

‘ 
font oj ee Se Re 

k- 

i oe eB’ "eo! RY 

pos eg ———~SaB OU + €R 

i 1 ERs 
ABO + R°_——— > 4B +R + e— > neutrals 

AR +8 

where 

e = concentration of positive ions 

KpR = rate for thermal electron production 

a = concentration of capturing species, AB 

b = electron cone . in the absence of a capturing species. 

In the absence of an electron capturing species, 

  

af) 2 ge - a [olf] - xe Ce] (] [5] 
which when solved gives 

> [+ exp Gat) | [6] 

where kp = kN’([@] + kRt [R*] 

In the presence of a capturing species, the electron concent—



ration is given by 

kpR 

[-] - - 
5 eet 
  

+11) 

where kL i (e) + &Rt [x'1) 

At time infinity, 

x i kp R 

%® 

so that, 

won le) eka 
[e"] kp (k, + 1) 
  

= ka 

where k is the capture coefficient. 
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[2] 

Since the capture coefficient contains the term (kL + k-1), 

it is convenient to consider the case where kL>k-1 andk-1 > kL 

in order to examine the type of temperature dependence. If the temp- 

erature variation for the forward reaction is small, corresponding to 

no energy of activation for the addition of an electron, and if the 

electron affinity of the molecule is appreciable then the backward 

rate constant k-1 must have a significant temperature variation. 

For k-1 > kb Eq.(8 ] becomes, 

b [eT oe 

Si fore 
and since 

exp (Ea/cr) 

[9]
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By plotting In. k 3/2 against 1/T, Wentworth et ar. (18) 

calculated the electron affinities of several aromatic hydrocarbons 

from the slope of the graphs. 

For k-1 } kL, &q.[8] becomes, 

Tre kaa [11] 

If there is no energy barrier to the addition of an electron, k 

S
e
 

o
l
-
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should be insensitive to temperature. 

The capture coefficient, k, is obtained by integration with 

respect to the volume of gas passing through the detector during the 

residence time of a peak. 

v a 

fea ive wa [- av [12] 

2 ° 

where Ib is the maximum standing current in the absence of the cap— 

turing species and Ie is the current in its presence. 

Ves & - W 
Cs 

where Wis the peak width; Fr, the gas flow rate and Cs is the chart 

speed, 

Therefore, 

W 

Fr Ib_- Te Fr 
Cs Te qwi= 2s oA =k a 

° 

Ib_- Te ad ok =e PSE wip. Be [13] 

where W 1/2 is the peak width at half height; s is sample size (1); 

Mis the molar concentration; A is the peak area and n is the number 

of moles. 

The Wentworth model allowed for the first time the study of
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electron attachment phenomena under conditions of atmospheric 

pressure, low fields and with low energy electrons in the presence 

of complex organic molecules. Most of the assumptions made in the 

model are justifiable though for some experimental evidence is 

lecking, eg. the dimensions of the reaction zone, the excess of 

positive ions and the removal of material by carrier gas flow. 

Some of the arguments in the model become obscure when 

unknown and probably unknowable reaction steps are considered, There 

is as yet little experimental evidence of any of the species ass— 

umed to be present in the cell. Also, the system of rate equations 

is solved using the steady state approximation, ie. on the basis that 

the reduction in detector current is due to an equilibrium between 

electrons, capturing molecules, ions and molecules. The rate constant 

for the processes by which electrons are lost, kp, is calculated from 

the initial slope of the graph of the number of electrons per pulse 

versus the pulse interval (gives kpR) and the saturation current 

(bt—>-). Equation[6]is then used to predict the above described 

graph, having obtained the initial increase and also the plateau value 

from it. A satisfactory fit is to be expected, since a circular argu- 

ment is presented for an equation describing an exponential increase 

to a constant level. 

A few other models of the ECD based on the steady state app- 

169) 
roximation are to be found in literature. Lyons et a proposed 

reaction steps, similar to Wentworth's for ethylene as the carrier 

gas, based on the observation of positive ions and radicals by 

Meise1s(49) when ethylene undergoes primary irradiation. Equilibriun 

electron concentrations are calculated from kinetic schemes for three 

situations : before any pulses are applied, during the application 

of a voltage pulse and after a large number of pulses. Diffusion 

of charges to the cell walls is considered together with loss of
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positive ions by flow. An error is made in the calculation of the 

rate of production of electrons; the Y-axis intercept of the straight 

line obtained when log [ Ne - (We),] is plotted against log tw, 

is regarded as the number of electrons produced at zero pulse width 

(tw). 

Burdett (22) attempted to measure electron affinities using 

Wentworth's model; however, the values calculated were not in agree 

ment with those obtained by other methods. A possible mechanism for 

electron capture proportional to the cross-sectional area of the 

molecules has been suggested as an alternative. The approach assumes 

a steady state situation for the electrons in the cell. 

Scolnick (9) obtained empirical equations relating the obser— 

ved current to the applied voltage and to functions of gas pressure 

and temperature. A concentric cylinder ECD with an isolated anode 

was used for the purpose and as such the equations are likely to be 

applicable only to detectors having that configuration. 

Recently, Sullivan and Burgett 41) presented a theoretical 

model for the detector when used in the d.c. mode. The processes 

removing electrons, ie. ambipolar diffusion, mass transport out of 

cell, recombination and capture by bleed and impurities are collect- 

ively expressed by one rate constant which is assumed to be first 

order. This simplification leads to an erroneous conclusion: line- 

arity of response is predicted to be better if the separation colum 

has high bleed, 

Lovelock (42) has also recently described the performance 

characteristics of the ECD. The stirred reactor model describes the 

processes causing the removal of electrons and molecules from the 

cell as follows :
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eeu ap Ey [14] 

EG ka Inert products [15] 

AB + elk ne [16] 

a3 UN _, yontitation 7] 

Reaction 14 is an irreversible second-order reaction with rate 

constant R4. Reactions 16 and 17 concern the removal of sample 

molecules by processes other than in reaction in the gas phase with 

electrons. The detector volume is V and the gas flow rate U, the 

rate of injection of electrons A and of sample molecules B, The 

steady state electron concentration in the absence of sample molecules 

is 

= ~ exp (-. 3 ee i p_( rat)} fis] 

which is the same as that derived by Wentworth et al.(Eq. 6). ‘The 

theory is based on similar assumptions; excess of positive ions 

in the cell, uniform mixing and the removal of all electrons by a 

sampling pulse. However, the sample molecule is assumed to have a 

high capture rate constant unlike in the Wentworth model. After 

simplification, the sample concentration, C is expressed by 

C = B/ (kyo + x + U/V) {19] 

Conditions under which sample molecules are removed by pro~ 

cesses other than by reaction with charged species have not been 

fully explained. The removal of sample molecules (with high 

capture rate constant) by ventilation during the flow of the carrier 

gas is considered to be the most important process yet the sample 

molecules remain for a sufficiently long time in the cell under 

conditions whereby the electron capture process is enhanced, It 

is uncertain which of these processes is dominant. 

The presence of the positive ions and the effects of the
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space charge need further consideration, The density of the ions 

continuesto increase as electrons are collected but a limit mst 

exist maximising their concentration. The assumption that the gas 

molecules and the electrons are uniformly mixed would imply that the 

space charge is no longer confined to the neighbourhood of the 

Cathode. Also, the possible loss of electrons as they traverse the 

cell is not estimated. 

An approach based on treating the ECD as a chamber containing 

two plane parallel electrodes and an internal ionisation source, with 

diffusion and recombination responsible for loss of charged particles, 

has been attempted. Ramey (43) has treated the case where volume re- 

combination in a gas can be neglected, but in the ECD it has to be 

taken into consideration. 

The current density at any point in space in the reaction 

volume is equal to the net production or loss of ion-pairs at that 

point. 

ae =  eNo — exp 

wheres 

J - current density 

Ng — rate of production of ion-pairs 

electron concentration B i 

positive ion concentration 

k - recombination coefficient 

* 
id; <5). eNo dx =v eKnp dx 

° 

= eNox - eknpx where No = f (x) 

Phe current due to electrons only can also be expressed as: 

J=s -enVd -eD dn/dx 

Va is the electron drift velocity and D is the electron diffusion 

coefficient.
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eNoX ~ e knpx = ~en Va - eD adn/ax 

dn Va kPx No 
Fee he pic. pe) R= op 

This is of the form, 

4 ve) vy = 2 @ 

Let A= Va/D, Be -p/D and C = -No/D 

The integrating factor, I is 

I =exp [@ Bx) dx = exp (Ax- 0.5Bs°) 

rea [ exp (Ax- 0.5 Bsa) =| = Cx exp (Ax-0.5 Bx’) 

2 2 exp (ax - 0.5 BX) .n = C * exp (Ax- 0.5 dx°) dx 

The solution of the integral on the R.H.S is 

2. 2 
-¢ exp (Ax - 0.5 Bx) + 4 fo (Ax-0.5 BX) dx 

The resulting integral has to be solved numerically and using both 

the Trapezium and Simpson's Rules, the values obtained were 4.12 and 

4.20 for the low and high applied voltage cases respectively. The 

electron diffusion coefficient for nitrogen is calculated from the 

mean free path and the average velocity (De =G )e/3). 

The electron concentration is then given by, 

n= 2 [ ae Se deel ee) -1| 
The measured current, I, is 

Tas (exo 7 -es -Va-n-est. Vat. >) 

where V is cell volume and s is the electrode surface area. 

The first term on the R.H.S. represents the saturation current. The 

second and third terms should reduce the current with decreasing 

applied voltage. With nitrogen as the carrier gas, the saturation
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current term is 4.9 nA. Considering the average electron and positive 

e cm? ana 10!° respectively), the contri- ion concentrations (= 10 

bution of both the second and thind terms (5.8 x 10-°A and 4.6 x 107'A) 

is greater than the saturation current. Analysis of the ECD response 

on the basis of this approach is obviously not possible. The theory 

would probably be applicable in cases where the electron and positive 

ion concentrations are similar (ie. negligible space charge effects) 

and losses by recombination are very small. 

In the section following, a theory for the ECD is proposed to 

overcome some of the deficiencies outlined in the discussion of various 

kinetic models. The theory is partly based on experimental observ— 

ations made and these are fully described in chapters four and five. 

34. PROPOSED MODSL FOR THS ECD 

The basic approach to the problem is kinetic, ie. the detector 

is described by a system of rate proceacen cue A 'plasma' is created 

by energetic PB particles emitted by the radio-active source. It 

contains Ve electrons Vp positive ions and Vn negative ions ina 

volume V. A given species, x, is removed from this 'plasma' by dif- 

fusion and volume flow rate F and has a mobility of jix under the 

appropriate conditions during a pulse. The cell has a cross-sectional 

area A and length 1 and the rate at which B” particles leave the 

foil is *,A, each particle yielding G ion-pairs. The formation of 

one secondary electron and a positive ion by ionisation of a carrier gas 

molecule is referred to as an ion-pair, 

A given species 2% may undergo a charge transfer process to 

yield a new species x j, 

x + neutral 1——>xj + neutral 2 

or it may undergo attachment to yield xk, 

x + neutral——— xk.
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Recombination processes involving positive ions and electrons or 

negative ions can be regarded as being of the first type together 

with reactions such as, 

+ 
xP oy x YY) 4 AE band 

+ + 
x" + x —F x +X 

It is a truly formidable task to list all Xi while the rates 

of none of these processes are known. Even if they were, the only 

actual measurement is that of total charge so that no detailed analy- 

sis would be possible. The discussion, therefore, is confined to 

the total species x while noting the fact that the rate constants 

used are weighted average rate constants, eg. for the recombination 

of electrons and positive ions, 
ee ps 

Total rate = ) Reni = ep ae | 

R = kep 

where 

and k = _D ki Pi 
> PL 

As ki is not strongly dependent on the species Pj, little 

  

inaccuracy is introduced, Recombination coefficients for common 

(22) 
6 on? $7! . molecular ions (except He3) are in the range 107? to 107 

The rates of removal of various species can be expressed as 

follows: 

(Rate of formation) - (Rate of attachment) - (Rate of re~ 

combination) - (Rate of mass transport) - (Rate of migration) 

Between pulses, the rates are : 

ve = kyAG -kgVep — k3Vem — Fe-e [20] 

Vép = k4AG —~kjVep -k4Vnp ~ Fp-P (e1] 
dt 

Von = k3em-k4Vnp - Fnen [22] 
at
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e = electron concentration 

p = positive ion concentration 

n = negative ion concentration 

m = concentration of sample molecules 

Fe, Fp and Fn correspond to diffusion and volume flow rate for 

electrons, positive and negative ions respectively. The concentrate 

-3 
ions have units of parkiches cry 

During application of a pulsed voltage, a term (- \) x.A.x) 

has to be added to each equation; \) x is the drift velocity of the 

species%. The charged particles are said to be contained within a 

‘plasma’ eaceneanrs a volume V, which may be different from that of 

(45) the detector. A plasma is define: as a system of charged part— 

icles with a nett charge equal to zero and in which the space scale 

for charge separation is much smaller than the dimensions of the 

plasma. The space scale for charge separation, called the Debye 

length, A. refers to the radius of the sphere of oppositely charged 

particles around a charge necessary to screen the electrostatic force 

of the central charge. 

The Debye length is expressed bys 

n= (gerne) 7 (23) 
where R is the Boltzmann constant; T is the electron temperature 

(298K); e¢ is the electron charge andNe is the average electron 

density. 

In the ECD, a typical average electron density is about 

5x 40° on? and the value of A is then 0.05 cm. The charge 

density in the cell is sufficiently large and consequently the Debye 

length is much smaller than the dimensions of the plasma volume (the 

reaction zone is said to be confined within a distance of 0.25 cm. 

from the cathode).
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The removal of electrons from the plasma by the applied 

field, creates a space charge of positive ions as explained in 

section 2.4. This space charge clearly cannot continue to build 

up and some mechanism must exist to limit its growth. 

It is helpful to consider the situation under the pulse mode 

of operation. A B ~ particle forms p' and e' positive ions and 

electrons respectively. If it is assumed that a constant fraction, 

xr, of positive ions is removed during each cycle, then the number of 

ions remaining in the cell at the end of the first pulse is 2 p® (1-r). 

During the following pulse interval, p' positive ions again form and 

after losing the fraction r, the number remaining after the applicat=- 

ion of the second pulse is p,, = (1 =x) (24+ pt). This process 

continues as more pulses are applied : 

P42 (1-2) pt 

Pyo= (1-2) (py + vt) 

Dae (-r) @ + (et) * p') 

Subsitution gives, 

Pyros (1-2) [GQ -2)- pt + pr] 

= pt (1-2)? +t (1-2) 
and at the end of n pulses, 

Py = 2 5 (1 - 2) 
n 

n= oe
 

After a large number of pulses, the density of the positive 

ions converges to a limiting value, 

pe-lim _pt [1 ( a 
1-Q--2 n—00 

=pt / ret /xr (ion-pair formation) [24] 

As pointed out by A. F, Gaines, the term R = me: expresses 

the ratio of positive ion to electron density at the beginning of
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the applied pulse. The magnitude of the ‘Gaines factor’ approaches 

close to infinity after collection of electrons during the pulse. 

As the electron concentration in the cell builds up again during the 

following pulse interval, the 'Gaines factor’ approaches its limiting 

value, R. The pulse interval would have to be sufficiently long for 

this to occur and factors governing the electron concentration would 

determine its magnitude. The continuous variation in the 'Gaines 

factor' during the pulse interval leads to an integration over the 

pulse period to obtain its average value. 

The first point in the development of the model is to eval~ 

uate R from the rate equations already stated. 

Once the space charge of positive ions has formed, no accum~ 

ulation of charge occurs over a complete cycle, so that 

rleide a 
where s denotes the field free interval and w is the pulse width. 

Assuming that, 

ge, _ & 
at + & at 

and substituting equations [20] [21] and [22] in the above equation 

gives, 

(Fe.e + Fyen - ¥p-p) = 0 [26] 

During application of the pulse, the addition of the drift velocity 

term results in, 

e (Fe + VeeA) + n (Pn + Wn.a) -p (Fp +Vp.a) = 0 [27] 

Substitution of equations [26] and {27] in [25] gives, 

8 w 

[ee + Fyn - Fp’P)at [fe (ve + Vea) + n(Fn +Vaca) -p(Fp *Vorae =0 

5 5 [28]
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Solution of equation {es} involves solving integrals for e,p andn 

over the field free interval and the pulse width. 

The positive ion concentration can also be expressed as the 

sum of the ions remaining in the cell after a pulse has been applied 

and those generated as ion-pairs during the preceeding 

pulse interval, ie. p = (py +e). If p and e are thus 

linked and negative ions are neglected, equation [20] becomes, 

V de = Ky AG~KzVe (p, + ©) - Fere 
at 

= K;, AG —e (Kz VPo + Fe) ~ Ky Ve~ 

V de = a + be + Co" 
at 

where, a=K, AG, b=- (KxVB + Fe) and C = -KiVe 

Integrating the above equation with the boundary conditions e = o 

at t = 0 (beginning of the field free interval) gives : 

t e@ de 
4 
vy hy (a + be + Ce*) 

e 

1 2 p-dA 
7° Es ae ore : D =A / [29] 

° 

where )\ = (v2 - 4aC) ue 

2e +b+A bax 

2ce + b-A (b+A 
2Ce + b +A b= = exp (At/V ) 

[= + par | 

“> Le eee 
= eee | (» -) 

Tet X = 2e and Y = d+A 
b-A b=A 

1 2c beA e [is en 2A]- $ 
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= Eos Noe) = exp (At/V) -1 

X =e At ~1 
1 = exp (At/V 

2Ce [exp (At/v) - 1) (+A) 
DA (> +A) — (b -A)-exp (AtV) 

ace = [exp (at/v) 1] (v? - a? 
(b +A) ~ {(b-A) -exp (At, 

e= 1 (2 ~a2)_ [em atv) - 1] 
2C Alexp (At/V) + 1] - b [exp (At, -1 

e = 2a [exp (At/v) - 1) [50] 
dr [exe At/y) + I] - b [exp (At/7) -1] - 

The above equation describes the build up of electron con~ 

centration during the field free interval. However, its use is 

limited; further integration over the pulse width leads to an 

overwhelmingly complicated solution. Consider the case where p is 

constant. 

Vde = Ky AG -K-Vep - Fee 
at 

= K, AG -e (Kz2'Vp + Fe.€) 

Let a = Ky AG and b = (Kz-Vp + Fe.€) 

Integration over the field free interval leads to, 

at 
e 

de co 
(a = be) v 

é = = 4 [m. (@ - v) ~ 108 « | 

1-be = exp (-bt/v) 
a 

ol
e k - exp curr | [51]
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Equation [31] can be used to determine the decrease in electron 

concentration during the pulse width (w). The boundary conditions 

now are e =e at t=o ande=e at +t=w. Considering the drift 

velocity term and in the absence of sample molecules, Equation [20] 

becomes : 

¥ 2 = K, AG — Ky Vep —- Fe.e -Ve .Ae 

= K, AG-e (Kz Vp +Fe.e +Ve.A) 

let a-=K, AG and bt = (K2 Vp + Fe.e +Ve.a) 

% 

at 

<|
= 

e 
de “ 

(2-0 e) 

ee: 

The integral is of the same form as the previous one and 

its solution is, 

- btt a-bte 
VEN a Caeanrep 

(a- bie) = (abo) exp (-bIt/v) 

oe - ? - exp (-b't/v) | + e7 exp (-b't/v) ~— [2] 

It is now necessary to evaluate the total charge in the 

cell during the field free interval. This is done for the case 

where p is constant, since where p = py + e, the integrals are 

again very unwieldy. Using equation Bi] ? 

t + 
e€ at «= a [ - exp coun) | at oes 

E + ¥ exp (vt/v) - z| o
i
e
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=# [: - = (-exw coun) (33) 

Similarly, the total charge lost during the application of the 

pulse is obtained by integrating equation [32]. 

t t t 
fa dt = a, c - exp Corer] at ay ey exp (-b't/V)at 

3 3° ° 

= a [: -%, a = exp ornn)| + at : ~ exp corn] 

[54] 
Graphical representation of the equations derived is shown in 

Figure (5}. Having obtained integrals for the electron concentration 

equation [es] can now be considered. Without the negative ion terms 

it is : 

af (Fe.e - Fp.p) at J [2(ee +Vea) - p (Fp +Vea) | dt =0 

Making the substitution p= (p, +e) gives, 

Ww Ww 

i (Fe ~ Fp) e dt + f (Fe +Vea) e dt =Fpp, s + i (Fp +VpA)pat 

° ° 

Inserting the various integrals involved, the left-hand-side (L.H.S) 

of the above equation becomes, 

Co = 2) (° “fa- ry] + (fe +Vea) 5" e poy] 

+ ot 4 - gy) 

and the R.H.S. is, 

Fp pos + (FP spa) ah [* = tn a a emn| + (Po + e)v (-e"") 

[35]
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The integral expressing the positive ion concentration is of the 

same form as that for the electron density and the constant b" = 

(Kz Ve + Fp +VpA). 

The term (Fe +Ve.A) can be replaced by (b" — KxVp) and 

similarly for (Fp +VpA) = (b" - Ky Ve). As the mumber of electrons 

removed, through collection at the anode, is small in comparision 

to the positive ion density, p = p, +e po. Further simplific— 

ation of equation Bs] is achieved by making approximations under 

real conditions. An order of magnitude analysis of various terms 

is given below : 

bt = (KiVpo + Fe +Vea) ~ (107 + 3+ 10°) =10? om? s~! 

b" = (K,Ve + Fp +Vpa) ~ (1077 +34 107) =10? om s7! 

s
i
d
 

[1 - 2x (21) = 194 5-1 

Els - exp (-b' «| = 10° ca 

ag 1 - exp (-b' w/v) | 21 sem? 

Fp Pos ~10° 

x, [: = exp (-b" wy |=r0"4 Sim 

(Po + et) V oe 10” ened 
pb" =. 

The L.H.S. of equation [35] simplifies to, 

(b' - Kz Vpo) e& 
> 

while the R.H.S. becomes, 

Fp pos + (b" - K2 Ve) [w (po + e) |
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Substituting a= be, and p, = (R-1)ey> Rey gives, 

te 
{el = Foo} ee = Fps (R-1)ey + (b" - Ka Ve) (Rew) 

= R [Fes + Ww (b" = Kxve)] - Fps 

Hence, 

1 - K2Vpo + Pps 
bt 

ie   

(b" —K, Ve) w + Fps 

Since, bt > K2Vp,, the 'Gaines factor' is expressed by, 

R= 1+ ps 
(Fp +Vpa)w + Fps 

R= _1+ Fps 36 
Vo-sw + Fp w+) [ ] 

It is to be noted that the above expression is merely an 

approximation for R; its value is dependent on gas parameters and 

also on pulse characteristics, ie. a function of time. ‘The average 

value of R is obtained by integrating over the pulse interval and 

dividing by the period. 

t t 
4 5 1+ t dt 

f es 8 f @p +VpeA)w + Fot 
3 ° 

let (Fp +VpA)w =Q 

t 

f xe - 

°o 

  

B
I
=
 

+ + 
i at - i, Pot at 

Q+ Ppt Q + Fpt 
° °
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t t 

/ nee = % 2 (Q + Fpt) i 

° oa 

see ee) 
Fp 

ic 

fot aoe Res Oe Qt dt = +- 3% [> va+mo| 

In real terms, the magnitude of the latter integral is 

very much smaller than that of the former and hence, 

i Fps 
| ci ¥ps in| 1+ Gp+VpA)w [37] 
° 

Having obtained the 'Gaines factor’, it can now be used to 

determine the positive ion density in the cell. As a first approx— 

imation, the rate of production of ion-pairs can be equated to the 

product of the electron concentration and the rates of loss by re— 

combination and volume flow. 

a = be = e (kK, Vpo + Fe) 

If Fe is small, 

Po = eR = Ra 

  

(kK VPo ) 

The positive ion concentration is therefore given by 

1/2 
Ra 

P= ( ee) [38] 

It is axiomatic in the present work that mixing within the 

plasma is sufficiently rapid for the concentration to be uniform, 

A single criterion may be used to test the degree of mixing ~ if 

the electron drift velocity is much less than the gas kinetic vel- 

ocity, mixing can be held to be complete but if the converse is



then there is very little. 

The drift velocity for electrons is about 7 x 10° ons”? 

4 
at 100 Volts em in argon + methane, while the gas kinetic 

We. 4.2 x 107 ens”', the criterion velocity at STP is (RT/M) 

is indecisive and mixing cannot be held complete but is certainly 

significant, This point is further discussed in the experimental 

section where the effect of carrier gas flow is considered, 

Experimental verification of the model is now possible 

for the case where only the pure carrier gas response is observed 

under the pulse mode of operation. 

50
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CHAPTER FOUR - AN @XPERIMENTAL STUDY OF THE ECD 

4.1 DETECTOR DESIGN AND CONSTRUCTION 

For the purpose of the present study, a cell had to be constructed 

since the commercially available detectors do not offer the necess— 

ary flexibility needed to investigate the various characteristics 

of the instrument. The design was kept as simple as possible to 

avoid any complexities arising from the detector's geometry yet was 

comparable to that of commercial detectors. 

scolnick“°) showed that if the ECD were to function as a concent— 

ration detector, the volume of the chamber has to be about 0.5 om. 

The ratio of the detector time constant to the chromatogram peak 

width at 60.6% of the maximum sample concentration, has to be small 

to minimise loss in peak resolution. Another point which requires 

consideration is the choice of the inter-electrode insulator. At 

high temperature Scolnick found that the conductivity of glass in- 

sulators used in many concentric ECDs, is not small in comparision 

to the conductivity of the ionised gas. 

Figure (6) illustrates the ECD constructed. It is of the normal 

parallel plane configuration except for the gas flow arrangement — 

the inlet and exit were perpendicular rather than parallel to the 

electrodes. This allowed-the electrode separation to be varied 

and the vortices in such a flow system would probably provide better 

mixing. The main cell body was of PTFE; the wall thickness being 

1.27 cm. The gas inlet and outlet were 0.635 cm. brass tubing 

threaded half way through the cell body. The electrodes consisted 

of a brass disc (1.27 cm. in diameter) end a stainless steel rod 

(0.3175 cm. in thickness). They were locked into the desired 

position by PTFE nuts pressing onto an 'O' ring, The cell was
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made leak proof by having rubber '0' rings both on the electrodes 

and at either ends of the cylindrical body. The radioactive foil 

consisted of 3y occluded on a titanium surface with a copper back~ 

ing. The foil was soldered on to the brass dise to form the cathode 

of the cell. This was done using a low melting solder (85°C) so as 

to avoid any loss of radioactivity. 

The ECD was housed in en aluminium box with its own separate gas 

supply to prevent back diffusion of atmospheric eee A loose 

fitting lid provided access to the detector while permitting the 

vented gas finally to escape into the atmosphere, The metal 

container also prevented possible interference from stray capacit— 

ance and other outside electrical disturbances, 

4.2 ELECTRICAL CIRCUIT 

Figure (7) shows the electrical circuit used for normal operation 

of the cell, The voltage source was a Hewlett Packard model 214A 

pulse generator providing a maximum pulse amplitude of 100 volts 

and had continuously variable pulse width and interval. The applied 

pulses were monitored on an oscilloscope. The current flowing 

through the cell was measured as a voltage drop ecross the high in- 

put resistance of a vibrating reed electrometer. The instrument 

used was an E.I.L model 33C Vibron with two additional resistances 

of 107 ana 10° ohms fitted in the convertor unit. The full scale 

deflection of the meter was 1000 mV and the input resistance was 

variable from 10! to 10'2 ohms in powers of 10. At 10'* ohms, the 

time constant is stated to be about 30 seconds and is much less 

with lower resistances. Since the currents measured were in the 

nano— to pico A region, it was necessary to eliminate local leak- 

age current loops set up as a result of slight potential differences 

existing between various earth points. Care had to be taken to
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avoid inefficient shielding of cables and also of the ECD. 

4.3 GAS PURIFICATION 

To study various parameters of the detector, nitrogen was mainly 

used as the carrier gas. The ‘white spot' nitrogen supplied by 

the British Oxygen Company was exclusively used. The flow rate 

was regulated by rubber diaphragm type of valves and was measured 

on flowmeters supplied by the Rotameter Manufacturing Company. 

These were calibrated by means of a bubble flow meter. 0.25 in. 

0.D. copper tubing and thick-walled nylon tubing were used for gas 

transport. Diffusion through the walls of the latter did not seem 

to occur as the current was not affected when the length of tubing 

was changed. All connections were made with 'Enot' fittings. The 

gas after monitoring passed through a molecular sieve, supplied by 

Kenmore Incorporated, for the removal of moisture. Before enter~ 

ing the cell, the gas also passed through an "Oxy Trap’ which was 

supplied by Allteck Associates. All joints were thoroughly tested 

for leaks with soap solution and the line was evacuated to about 

107° torr. Precautions for good performance, as laid dow by 

Lovetook 42), were taken as far as it was practically possible. 

These included the use of metal diaphragm pressure regulators, clean 

short tubing for all gas connections and the avoidance of flow reg— 

ulators at the head of the gas line. 

To check on the presence of oxygen in the carrier gas, a chemical 

test was carried out. A solution of Co (dipy) 5 (C104) °3H,0 in di- 

methyl sulphoxide (DMSO) was reduced by an aqueous solution of 

sodium borohydride. Nitrogen from the ECD was bubbled through the 

solution. ‘The product of the reduction remains deep blue in the 

absence of any oxygen and turns colourless to yellowish in the 

presence of the smallest sata The carrier gas was found to
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be oxygen free. The whole apparatus had to be removed because the 

solvents were back-diffusing through the gas line to the detector. 

Another simple check of the cleanliness of the carrier gas is to 

determine the electron half-life within the eee) This is 

done by finding the pulse period at which the detector standing 

current falls to half of that measured at the shortest pulse inter~ 

val. Under ideal conditions with really clean gas, it may be as 

much as 1 ms and has to be greater than 500j.5- With nitrogen as 

carrier gas, the electron half-life was about 750s. 

44 CHARACTERISATION OF THE DETECTOR 

Under the pulsed mode of operation, the detector current depends 

partly upon the pulse amplitude, width and interval. Preliminary 

experiments were carried out to determine the optimum operating 

conditions necessary for the detector regarding pulse characterist- 

ics. 

Figure (8) shows the current variation with applied voltage. The 

current rises steeply and reaches a steady level at about 20 volts. 

At low applied voltages, electrons and ions are lest through recom 

bination as the field strength is not sufficiently high to allow 

their collection at the respective electrodes. At constant pulse 

amplitude and width and temperature and pressure, the number of el- 

ectrons per pulse, Ne, is expressed by, 

Ne = _Ixs 

1.6 x 10719 
  

where I is the observed current and s is the pulse interval. The 

voltage corresponding to the onset of theplateau in Fig. (8) is in- 

dependent of the pulse interval but depends on the pulse width. 

It is desirable to have the pulse width (w) as short as 

possible so that the mmber of ion-pairs formed during the pulse is



57 

  

Be 

A
z
Z
m
a
w
a
W
c
o
 

a
 

5,
 

=
 

    

  

Gas:N9o 

flow: 3.3cm’s™ 

ECD 3 63. 

cath.: 05mCi Ni 

(= 1.0cm 

tp =07ms 

Wi 

© 8us 
x x 54     

1 4 4 L 1 1 4 i 

20 40 60 80V 
—————— VOLTAGE ————_> 

FIG. 8 

CURRENT (I) VARTATION WITH PULSE AMPLITUDS (V) 

   



58 

not appreciable and the electrons have the maximum possible time 

to reach thermal equilibrium. If the duration is too short however, 

there is not sufficient time to collect all electrons and hence the 

saturation current is not reached. From Fig. (9) £t can be seen 

that a pulse width of about 3.5us is sufficient to remove all elect- 

rons. Normally pulses of 54s duration were employed. The critical 

pulse width at which the curve effectively flattens off is said to 

correspond to the electron transit time between the two electrodes. 

Electron drift velocities have been calculated from this aata(18+39) | 

Besides the amplitude of the voltage and the length of time 

for which it is applied, the interval between pulses also affects 

the current flowing through the cell. The current is proportional 

to the number of pulses per second, that is, inversely proportional 

to the period (Fig. 10). This relation does not work at small 

pulse interval as an 'equilibriun' has not been established between 

the process of production of ion-pairs and those processes respons— 

ible for their loss. The relationship between the number of elect— 

rons per pulse (Ne) and the pulse interval is more difficult to ex- 

plain as often a maximum is observed (Figs. 11 and 12). A good 

test for the kinetic models outlined in the previous chapter is to 

predict the above relationship. This point is discussed more fully 

in section 4.7 this chapter. 

4.5 RADIATION SOURCES AND INTSR-ELECTRODS SPACING 

The nature of the ionisation source has been found to be 

of primary importance. The dimensions of the ionisation zone are 

determined by the cross-sectional area of the radiation source and 

the range of the emitted ®” particles. The two most commonly 

used sources are *H and ®3xi, As stated earlier, p particles 

released from a 9 source have a maximum energy distribution between 

17.6 and 18.9 KeV, while those from 63 are about 67 xer(15) , The
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average energy is about one third the maximum energy. The number 

of ion-pairs formed decreases with increasing energy of p” part- 

icles (Fig.13), since the time in which energy can be transferred 

from the particle to the gas molecule upon collision decreases 

with increasing velocity. When low energy a particles are being 

considered, the range has been found to be almost independent of 

absorber material, The graph of specific ionisation, ie. the rate 

at which pa particles lose energy in passing through air, versus 

range (Fig. 14) shows a very steep increase in the mumber of ion- 

pairs formed at a distance of about 2 m. from the 3g source (2) 

There is then an exponential decrease in the mumber of pairs for- 

med with increasing distance. 

The range of the p particles, R, can be calculated from 

an empirical relationship, 

Lu. B= 6.63 - 3.2376 (10.2146 - ina)'/# 

where E is the maximum energy in MeV. The equation is valid for 

0.01¢ EB ¢ 25MeV. Weakly energetic p particles from a 

34 source travel about 2m, in air, Wentworth et at, 18) and the 

Radiochemical centre (59) quote similar values. p particles of 

maximum energy travel about 6 mm. while those from the O33 source 

have a range of about 9m, The combined effects of continuun 

spectra and scattering lead to an approximately exponential absorp— 

tion law for Pp” par tictes! of a given maximum energy. The nearly 

exponential decrease applies both to numbers and specific ionis— 

ation of Pp particles. Hence, the energy and number distribution 

lead to the conclusion that there are many more p particles close 

to the source and because of their low energy, 2 large number of 

ion-pairs could be formed in this region. 

Loss through self-absorption and scattering is much more 

pronounced with electrons than with heavy particles. Self absorp~
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tion can be calculated from the foil thickness (x) and the absorp- 

tion coefficient (m), 

fe_ [ oe m0 | 
where Ro and Rartthe measured and true counting rate respectively. 

The foil thickness can be estimated as follows : 

pa emitted by foil : (0.15Ci cm x 3.7 x 10'° 7! 

= 5.55 x 10? ome gt 

The decay rate constant is (0.6933/3.87 x 40° s) = 1.792 x 1079 

so! and hence there are 3.097 x 19/8 ba oniee Assuming one atom 

of tritium per atom of titanium, the foil thickness is, 

18 
20x 1 50.92¢ = 0.26 mg om™* 
6.02 x 10°? 

With a typical absorption coefficient of approximately 3.0 

cme neo’ this gives a self absorption of 59%. Lossin emitted 

radiation through self-scattering is likely to be of the same mag- 

nitude. 

fn estimation of the current arising from ionisation of 

carrier gas molecules can now be made, Assuming that Bo particles 

emitted from the top 0.13 ng/om* manage to escape, and considering 

losses through self absorption and scattering, a 150 mCi source is 

effectively about 0.15 x 3 (1/2) = 0.02 Ci en? 

to 7x 10° B ~ particles om Bae Considering energetic electrons 

which corresponds 

from a tritium source, the number of ion-pairs formed by each Bo 

particle is about 2.9 x 10°. Hence, the number of electrons pro~ 

duced may be calculated to be 2,0 x 40" electrons per second which 

corresponds to a current of 3.3 x 1078 A. ‘The measured current 

(3.4 x 4077) compares. well with this, considering the assumptions 

made.
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A radiochemical examination of the tritiun £0351) revealed 

the presence of two other radioactive species of 0.33 and 0.7 MeV. 

They were present in neglible amounts and considering their high 

energy, they could not contribute significantly to the ionisation 

of carrier gas molecules. 

Figures (15) and (16) show the variation in current as a 

function of electrode spacing. At short separations the ri particles 

emitted from the source (on the cathode) hit the anode and are lost 

through surface recombination. As the spacing is increased, more 

of them undergo ionising collisions with carrier gas molecules and 

hence the observed increase in current. However, when the electrode 

spacing exceeds the maximum range of the p particles, electrons 

formed in the plasma are lost through recombination as they traver- 

se the cell. Im the pulse mode of operation at large electrode 

spacings, the time the pulse is normally applied for (54s) is also 

too short for most of the electrons to be collected. In nitrogen 

the electron drift velocity is estimated to be 3.0 x 10° cus”! (60) | 

Hence, to travel a distance of 2.50 cm would require 8.33 1 s— much 

longer than the applied pulse duration. 

It is generally accepted that the range of Pp particles 

emitted by a 63x source is about 8 —- 9 mm. at NIP and this is borne 

out by Fig. (16). However, the results obtained with the 3H source 

do not support the normally assumed value of about 2.5 mm. The 

maximumappears at about 6.5 mm. which is in agreement with the cal- 

culated maximum range of po particles from a tritium source. The 

result points towards a much larger reaction zone in ECD's equipped 

With this source. 

Varying electrode separation while operating the cell in 

the d.c. mode (Fig. 17) also supports the above conclusion. The 

current reaches its peak value at about 6.0 mm. ‘The graph also 

shows that at high field strength (40 Volts em=1) and flow, the
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current decreases very gradually with increasing separation ind— 

icating that almost all charged particles present in the cell are 

being collected at the electrodes. However, at low field strength 

(20 Volts on!) the decrease in current is very steep, similar to 

that observed under the pulsed mode. As recombination seems to be 

the dominant process of loss under these conditions, an attempt 

was made to calculate the electron-ion recombination coefficient. 

As a first approximation, the time rate of change of elect— 

ron concentration is 

ge a 7 -ke 

assuming that the electron and positive ion concentrations are equal. 

The solution of the above equation is 

1 1 
se 

where eg is the initial concentration of ion=pairs. At a field 

strength of 20 Volts cu, the electron drift velocity is 2.25 x 

10° oma’. Hence, the time taken to cross the cell at various cell 

distances can be calculated. Fig. (18) shows the variation of the 

inverse of the current with time. The slope of the graph is 5.49 x 10'3 

re a, and the recombination coefficient for nitrogen is then 

4.62 x 107 om? a”! which is about an order of magnitude too large. 

This is to be expected considering the simplifications and assumpt— 

ions made. 

Another approach explaining the decrease in current with 

increasing separation can be based on the consideration of Eq.(20) 

(without the negative ion term) at steady state. 

ya ae ky AG - KVep ~ Feee = 0 

The electron concentration is,
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e@= “1 © 
(kpip + ¥Fe/& 

where 1 is the inter-electrode separation. Assuming an order of 

magnitude value for p (= 107), the value of e at 1 = 1.8 cm. is 

2.02 x 40° om? which gives a current of 0.36 nA. This compares 

well with the experimental value of 0.72 nA, considering the app— 

roximate value of p. | 

Since the density of the medium has an effect on the range 

of the p particles, electrode spacing studies were carried out 

at constant pressure using various carrier gases, The density de~ 

creases in the following order : 

ar >) Ar + CH, >) GH, ) ND He 

Fig. (19) compares the range of B” particles in Ar + 5% 

CH, and He. The former has a density ( ~ 0.1786 217!) which is 

about ten times greater than that of the latter. The graph shows 

that in helium the current reaches its peak value at about 1.25 cm. 

while in Ar + CHy» the corresponding separation is about 0.6 cn. 

The behaviour is as expected and it appears that a ten fold increase 

in density of carrier gas corresponds to a reduction in range of B = 

particles by one half, 

As stated earlier, when the radiation source is considered 

on its own, a large number of ion-pairs form in close vicinity of 

the source. However, as part of the detector, it appears that most 

ion-pairs are formed some distance away from the source, indicating 

that high energy B ~ particles are responsible for ionisation of 

carrier gas molecules. scoinicke (45) arrived at a similar conclus- 

ion, 

Emission of bremsstrahlung radiation by the f ~ particles 

has been suggested to be partly responsible for ionisation, The 

radiation in question arises from the acceleration of en electron
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by an atomic or ionic field. The ratio of energy loss by bremss- 

trahlung radiation to energy loss by ionisation in an element of 

atomic mumber % is approximately equal to 82/800, where BE is the 

electron energy in nev. (15) In the case of nitrogen, this energy 

loss is 0.0164 for Pp” particles from 25 gouce and 0.0565 for 

Ni source. Ionisation arising from bremsstrahlung radiation 

appears to be unimportant for the sources normally used. 

The effect on current flow in an assymmetrical cell was 

investigated. One electrode in turn was fixed very close to the 

gas inlet and the separation was varied by changing the position 

of the other, There was no significant difference between the 

two (Figs. 20 and 21) except for a slightly higher current for the 

case where the cathode was fixed. The effect of flow on the plasma 

may be responsible for this observation, 

In comparison to the symmetrical cell, the plasma seems to 

be more diffused in both cases of the assymmetrical cell. In the 

latter configuration the current is either increasing or at its plate- 

au value until the separation is about 1.4 cm; this is unlike the 

former configuration where the current is on the decline only after 

about 0.7 cm. The vortices in the flow pattern could enhance diff- 

usion of the plasma contained inthe assymmetric chamber since the 

electrode fixed close to the gas inlet behaves as a reflecting 

surface. 

Two 3y sources of different activities and of almost the 

same area were investigated. The activities were approximately 

150 and 500 mCi. Assuming that the two foils had similar charact- 

eristics, such as the presence of other radiation sources, the 

thoretical ratio of their activities is 3.33. Currents measured 

for the two sources, under both the d.c. and pulsed modes, are 

given in Table 3. At long pulse interval the mean ratio of currents 

measured under similar conditions for the two sources is 2.84 while
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TABLE 3 

COMPARISION OF CURRENTS FROM In SOURCES OF DIFFERENT ACTIVITIES 

  

  

  

  

gas : Ng ECD := Pulses 

Flow: 3.2 em? s7! Anode: Brass V = 90 Volts 

Separation: 1.0cm. W=5us 

SOURCE |d.c, SATURATION PULSE INTERVAL, S 

3 
E current 5ous [100 ns|250ns} 1 ms 11.5 ms}2.0 ms 

500 mCi 6.50 nA 6.10nA}5.85mA}5.0 nA]2.40nAl1.65nA/0.87nA 

150 mci 3.40 nA 5 .33nA|5.15nA}2.55nA]0.82nA]0.59nA|0.31nA 
    Jo.5/0.15| 1.91 1.85 |1.86 |1.96 |2.93 2.80 |2.81                  
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short pulse interval and under the d.c. mode, the ratio is 1.90. 

Considering that the two activities are not precisely known (espec= 

dally the lower one) it seems reasonable to conclude that the 

current at long pulse interval varies by the same ratio as that 

of the activities of the sources. However, at short pulse interval, 

the current ratio of the two foils is about one half of the theoret— 

ical ratio. Space charge effects may be responsible for the obser- 

ved difference in the mean ratios, At short pulse periods, for the 

current ratio to be close to the theoretical, the 500 mCi currents 

need to be much higher. However, this in practice is not possible 

as relatively denser space charge exists since loss through recom— 

bination is minimal under these pulse conditions, 

Comparison of detector currents arising from sources pro~ 

viding Pp ~ particles of different energies is much more difficult 

as sources tend to have different activities as well. Considering 

a 500 mci ?H source and a 0.5 mci 63 wi source, the average current 

ratio was found to beabout ten times larger than the ratio of their 

energies, ie. 

63 yi /3H = 67 KeV/18.6 Key = 3.60 

Other sources which have recently come into use are es, 

147 Pm and oe Am. Alternative sources are necessary mainly because 

of the need to work at higher detector temperatures. The generally 

acceptable temperature limit for the 3x source is 225°C while that 

6 
3 Ni source is 350°C. Detectors equipped with 147 Pm can for the 

be heated’ +o400%C 2°) and the maxiuum operating temperature for 

24t Am is 500°. (53) At elevated temperatures a considerable loss 

in activity results and this leads to large variations in day-to- 

day standing currents. The emanation of radio-active material in- 

to the atmosphere of the room however, is a more serious consequence. 

A low level contamination of the environment (constituting a health
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hazard) occurs with 3H sources when the detector temperature ex- 

ceeds 230°C. (54) A comprehensive study of possible radiation hazards 

arising from radioactive sources in ECDs has been made by Mayior, (9 ) 

In normal operation, the radiation source is placed on the 

cathode and hence the electrons present in the plasma are drawn across 

the cell to the anode. Their greater mobility (=10%en?y"1s71) en~ 

sures that a relatively small applied voltage (about 25 Volts) gives 

saturation current. However, when the polarity of the cell is rev- 

ersed, a considerably larger voltage is necessary for current 

saturation (Fig. 22). This is to be expected as the heavier positive 

ions with their lower mobility (= 2.50m-v~ 1s") need to be drawn 

across the cell to the cathode. The pe particles from the source 

on the anode recoil to the source forming few ion-pairs. Fig. (23) 

shows the current variation with inter-electrode seperation, Max~ 

imum current is observed at very small spacing since B ~ particles 

of average energy have been shown to have a range of about 2mm. The 

current gradually decreases until a separation of about 6 mm, corr= 

eatenine to the distance travelled by particles of maximum energy. 

Thereafter, the current declines steeply as ion—pairs are no longer 

generated and also losses through recombination are considerable. 

The initial decrease in current substantiates the explanation given 

(that ionisation zone extends to about 6 mm. from the source) for 

the increase in current observed when the source is on the cathode 

(Fig. 17). 

4.6 PRESSURE AND FLOW RATE OF CARRIER GAS 
  

Since the range of Bp 7 particles depends on the number of 

molecules in their path, a shorter range is to be expected at 

higher pressures, The plasma volume would consequently decline. 

Figs. (24) and (25) show the current variation at pressures below 

and above atmospheric. The texmG, the ion pair yield, is potentially
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pressure dependent. The number of ion pairs formed, is equal to 

the product of the number of ion pairs per wnit length and the 

path length. While the path (whose length is inversely proportional 

to the pressure) lies within the cell, this product is constant, but 

when the path length exceeds the inter-electrode spacing, the number 

of pairs will fall. 

In terms of the proposed model, 

a= be =e (Ko Vp, + Fe) 

wes Fe 
Ai pee 

If Fe/V is small and p, = eR, then 

The observed current, I, is to a close approximation, eV electrons 

per pulse. Hence, 

k, rer gg CMAEE hy]   

The 'Gaines' factor, R depends partly on the relative drift 

velocities of electrons and positive ions and hence is a function 

of (X / P) whexe X is the applied field and P is the pressure. Since 

R is inversely proportional to the pressure and the volume of the 

plasma varies in a similar way, the current I, in accordance with 

Eq. [39] » should be independent of the pressure as long as the 

path length is within the cell (ie. G is constant). ‘his is the 

case at large pressures and the current is very nearly constant as 

shown in Fig. (24). At lower pressures, where G is proportional to 

the pressure, the current does exhibit a linear increase with pre- 

ssure. 

Changing electrode spacing at various pressures below at— 

mospheric (Fig. 26) show that the range of Re particles is 

considerably extended; for the tritium source, the ranse of particles
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with high energy is greater than 1.0 cm even at pressures of about 

500 mm Hg. Since studies were confined to a maximum cell length of 

1.0 cm, it is not possible to determine exactly the dimension of the 

plasma at various pressures. 

At pressures above atmospheric (9°) the current declines 

steeply with increasing pressure. The high density of neutral mol— 

ecules hinders collection of charges and also enhances volume re~ 

combination. Plotting the pulse interval against the magnitude of 

the pressure corresponding to the maximm current (Fig. 27) suggests 

that at atmospheric pressure, high electron concentrations (for 

coulometric response) are obtainable at long pulse periods (about 

0.5 ms). 

The effect of carrier gas flow rate on the response of the 

ECD has generated considerable controversy. As stated earlier, any 

detector whose response is concentration dependent would be affected 

by gas flow but only in the presence of sample molecules or varying 

pressure. However, in the ECD, the presence of a large excess of 

positive ions and the detector's extreme sensitivity has complicated 

the situation, Devaux and cuiochon (37) noted a decrease in stand~ 

ing current with decreasing flow rate. Buraett (22) concluded sin— 

ilarly. However, Lovelock 29) and. Monmeasen oo) have both found that 

the two parameters are not related in the pure carrier gas. Aue 

and Kapila?) rightly pointed out there exists much confusion in the 

literature on this issue. 

The present studies show that when the usual precautions are 

taken (as stated in 4.2) to obtain a ‘clean’ carrier gas in the 

normal ECD set up, there is a dependency on flow but only at very 

low flow rates. This was found to be the case in two different E.C. 

systems using metal and nylon tubing respectively, The variation 

in current was observed under both the d.c. (Fig. 28) and pulsed
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modes (Fig. 29) of operation. It is clear from these two graphs, 

that G.C. operators could have either observed a dependency on flow 

or not depending on the particular conditions under which results 

were obtained, In the continuous d.c. mode, the effect of flow 

is more apparent at lower voltages than at and above the critical 

voltage giving saturation current, In the pulsed mode, flow has 

a negligible effect on the standing current at shorter pulse int- 

exrval and is magnified as the pulse period becomes longer. How- 

ever, it seems that over a considerable range, above 20 om? nin! 

there is almost no dependency, irrespective of the magnitude of 

the pulse interval. Similer results were obtained with 95% 

argon + 5/: CH, as carrier gas (Fig. 30). 

The presence of electron capturing contaminants in the 

carrier gas stream, whether originating from the gas itself or 

diffusing through the ‘tubing and various joints, has been held 

responsible for the observed variation in standing current with 

gas flow eC), 

4n analysis of the effects of a capturing impurity is brief~ 

ly presented. ‘Two possible situations could arise : 

1) The concentration of the contaminant is constant, Co, and 

is entering the cell at the same flow rate as the carrier 

ges (U). This would be the case if it is present in the 

gas supply. At steady state, 

Rate of entry of impurity = Co U/V 

Rate of outflow = Co U/V 

Rate of formation of negative ions = kC e 

where k is the capture coefficient and e is the electron 

concentration in the cell. 

Hence, Co=C (1+kvVe / U) 

k 
The rate of loss of electrons = kCe = Te repay [40]
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which increases as U increases (as a first approximation) 

and consequently the standing current decreases. However, 

in practice the current is found to increase with carrier 

gas flow rate. 

ae The contaminant is diffusing, bleeding or leaking into the 

carrier gas stream at some constant rate, Q, independent 

of the gas flow rate. Similar rate terms to those presented 

im case one can now be considered, 

Rate of entry of impurity = Co Ux/V where Ux is the rate of 

flow of impurity. 

Rate of outflow = C (Ux +U) WV 

At steady state, 

Ux:Co =k VCe + C (Ux + U) 

Hence, 

Ux_Co 

C= k¥e + (ix + U) [41] 

Eqe [41] predicts that as the flow rate of carrier gas in- 

creases, the concentration of the impurity in the cell de- 

creases and thus accounting for the observed increase in 

standing current. 

Readings taken with a gas line suspected of leakage showed 

considerable dependency on flow as shown in Fig. (31). the diff- 

erence between the asymptotic current value (Io) and that at a low- 

er flow rate (I) is proportional to C in Ea. [41] . A linear rel~ 

ationship between (Io — ae! and U is predicted by that equation. 

Fig. (32) shows that this is the case. As the gas line is made 

inereasingly contaminant free, the slope becomes steeper and this 

parameter can be regarded as a measure of the concentration of 

impurity in the cell. 

The earlier explanation for the variation of standing current 

with carrier gas flow was the dispersion and eventual removal of
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positive ions in the gas stream. Wentworth et 21.618) noted that 

in the pulsed mode, loss of positive species may occur through flow 

out of the cell at longer pulse periods. Iyons et ar, (29) have 

suggested that two processes are involved. In the low flow region 

(= 100 om? min™!) the positive space charge around the cathode is 

dispersed by increasing the gas flow. In the high flow region pos— 

itive ions are removed in the gas stream so that the concentration 

of positive ions in the chamber is inversely proportional to the 

flow rate. 

The rather large variation in current with carrier gas flow 

rate observed by Lyons et. al., is almost certainly due to the pre- 

sence of a capturing impurity, as the results obtained from a system 

suspected of leakage have shown. 

A possible effect of flow would be to influence the degree 

of mixing in the cell. As shown earlier, the electron drift veloc— 

ity is comparable to the gas kinetic velocity, indicating that mix- 

ing is occurring in the cell but it is not sufficient to assume 

complete mixing. In the assymmetrical cell, the gas flow does seem 

to diffuse the space charge of positive ions as the current - elect— 

rode separation plots showed. Also, in the case where the cathode 

was fixed close to the gas outlet, the maximum current was higher 

than that measured when the position of anode remained fixed. This 

is possibly an indication of loss of positive species from the space 

charge in the vicinity of the cathode. 

tovelock (37) has pointed out that ionisation detectors are 

not usually sensitive to changes in gas flow rate. This is because 

the drift velocity of the ions is large compared with the linear 

velocity of the gas flowing through the detector. If, however, 

the drift velocity of either the positive or negative ions becomes 

comparable with the linear gas velocity, gas flow can affect the
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detector current. 

If flow out of the cell is to be a plausible mode of loss 

for positive ions, then the time constant for this process has to 

be comparable to that of recombination which is by far, the most 

important process by which the ions are lost. For a cell with an 

electrode spacing of 2.0 cm and assuming a high gas flow (3.67 em? 

see the residence time for gas molecules is 3.45 x 107! 8s. Ass— 

uming an average positive ion density of 1 x 40° on? and a recombination 

coefficient of about 1 x 107! em? ae the time constant is 1 x 1072s, 
The two values do not differ significantly. 

Besides volume recombination, the positive ions can also be 

lost by surface recombination at the cathode. At low field strengths 

(10 von™'), the positive ion drift velocity in nitrogen is 2.55 x 10! 

cm =. and the time to cross the cell of spacing 2.0 em. would be 

about 7.8 x 1072 sg. This value too, is comparable with the residence 

time for molecules at high gas flow. Hence, it seems that positive 

ions could be lost through flow out of the cell, when cell volumes 

are big and the flow rate is high. 

At small electrode separations, flow was found to have no 

effect on the current (Fig. 33) but as the spacing was increased, a 

higher current was observed for a particular voltage when the gas 

flow rate was high (Fig. 28 ) 

4.7 d.c. MODE OF OPERATION 

Though this mode of operation has inherent sources of error, 

it is still quite widely used in analytical work. Hence, an attempt 

was made to analyse the typical response characteristic of the det~ 

ector - a parabolic rise in current with applied voltage. 

Several theories have been formulated for a discharge in a 

gas between two parallel plate electrodes. One approach based on 

calculating the current density at any point in space in the react- 

ion volume, has already been outlined in section 3.3. Another
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approach, based on Poisson's equation and applicable at high gas 

pressure and in the presence of a space-charge leads to the following 

relationship between the current density and wolieee ) : 

—12 v2 
2295-10 jie 7s h [42] 

where |! is the mobility of the species responsible for the current 

and d is the electrode spacing. The electron current density cal— 

2 
culated from the above equation for nitrogen is 5.8 nA m~ while the 

measured current density (for the 500 mCi 34 source) is 4.9 x 107? 

ees Several factors contribute towards the inadequacy of these 

theories in predicting the ECD current. It is assumed that ionis- 

ation is uniform throughout the cell; that the space charge is very 

dense and either electrons or positive ions are to be considered and 

not mixtures, 

In terms of the proposed model, the electron density under 

the d.c. mode would be expressed by 

eee ns 

k, AG Hae 
(Ej Wb + Vpl + Fe) 

The equation predicts an electron density several orders of 

magnitude smaller than that calculated from the observed current 

density. The inclusion of a diffusion term however improves the 

prediction. Since the latter process leads to surface recombinat~— 

ion of the ion-pairs generated, the equation can be modified to : 

k. 

o* eR) [#3] 
Considering the case where the applied voltage is 20 volts, 

  

1 = 1.0 cm and the source is500 m0i Au, the measured electron den= 

sity in nitrogen is 2.58 x 10'° on, The density calculated from 

Bq. [43] is 6.2 x 10° om.
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As theoreticl analysis has failed to explain satisfactorily 

the current-voltage behaviour, an empirical relationship was sought. 

The standing current is proportional to v and inversely proportional 

3 
to 1° at high gas flow rates (Fig. 34 and 35) and in the low flow 

region, the relationships appear to be : IecV 3/2 end Leo dee 

(Fig. 36). Similar relationships are expressed by Child's law des- 

eribing space-charge limited currents in vacuum and gas-filled el- 

ectronic devices such as thermionic diodes. 

The graph of the onset voltage for saturation current at 

different inter-electrode spacing (Fig. 37) shows the effect of 

space charge — a potential trough near the cathode. The intensity 

of the space charge is determined by the parabolic character of the 

curves; it appears that a denser space charge exists at very low 

gas flow rates. This would be the case if positive ions were be~ 

ing removed from the cell by flow. Similar results were obtained 

with 95% Ar + 57 CH, (Fig. 38). 

4.8 PULSED MODS OF OPERATION 

To overcome many of the problems faced when the detector 

is operated in the d.c. mode, Tovelock! 2) suggested the use of 

square wave voltage pulses as the source of potential. Pulse var- 

jables —- voltage, V, width, w and interval, s, were defined in 

section 2.6 and the detector used was characterised in terms of 

these parameters in section (4.4). 

When the ECD operates in the pulsed mode, its response 

over a voltage range shows a plateau (Pig. 8); the particular 

voltage at which this poakeaw occurs depends upon the pulse width 

and the, detector design. It is also indicative of cell and 

carrier gas purity. With nitrogen and 955 Ar + 5 Ci as carrier 

gases, the onset voltage for saturation current is about 20-30 

volts under normal operating conditions. In the presence of electron
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capturing impurities, a larger voltage is necessary since the 

negative species formed upon capture are being collected as well. 

In explaining the decrease in current at long inter-elect- 

rode spacings, it was shown that the normal pulse width of 518 is 

too short to allow collection of all electrons, This would imply 

that if the field intensity (which is proportional to V) were to 

be increased, the drift velocities of the charged species would in- 

erease as well and hence the saturation current be reached. Fig. 

(39) shows that this is the case. 

As with the d.c. mode, if the onset voltages giving sat~ 

uration current at various electrode separations were to be plotted 

against the separation (Fig. 38), a potential trough is observed. 

This would imply that a space charge of positive ions also exists 

under the pulsed mode of operation, contrary to what is normally 

ptatea.<18) 

The current variation with pulse width is similar to that 

observed for the pulse amplitude —a steep increase initially, fol- 

lowed by saturation (Fig. 9). The slight increase in the satur- 

ation region is thought to be due to the collection of charges 

produced during the application of the pulse. As stated in section 

4-4, the pulse width at which the current ceases to increase line~ 

arly denotes the electron transit time, If this is the case, then 

it should be possible to calculate the electron drift velocity from 

1 tore, that time and the cell length. At (xX/P) = 0.07 V cm 

Bopens 60) gives the electron drift velocity in nitrogen as 2.7 x 

10° em a's fable 4 shows the drift velocities calculated with 

different ionisation sources and cell lengths. ‘The electron tran- 

sit time is denoted by We and the field strength (X) is assumed to 

be uniform in the cell. The average electron drift. velocity in 

nitrogen calculated from the results given in Table 4 is 2.83 x 410°
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ELECTRON DRIFT VELOCITY (Va) IN NITROGEN 

  

  

  

  

  

        

CELL 
SOURCE Lenora | FIELD We Va ons! 

500 moi? | 1.0 om {50.0 ven'| 3.50 ns |2.86 x 10? 

150 mci7H | 1.6 om |56.25vem™'| 6.30 ps |2.54 x 10? 

150 min | 0.95 em {52.6 ven™'| 3.40 ws [2.79 x 10° 

0.5mci°'xi] 140 om |50.0 vem™'| 3.20 ws [3.12 x 10° 

0.5mci°?xi] 1.55 om [58.1 vem'| 5.50 us |2.62 x 10°         

TABLE 5 

ELECTRON DRIF? VELOCITIES IN VARIOUS GASES AT Low (x/P) 

  

  

  

  

  

      

GAS PRESENT LIVERATURE VALUES 
svupy Ya Va 

- 5 -1 5 -1 Nitrogen |2.83 x 10° cms |2.7 x 10° cms (60) 

Ar + 595 CH, |2.65 x oe oeoee 40° renee! (18) 

Argon 3.05 x 10? cms’ {2.0 x 10° cms! (18) 

Helium 3,22 x 10 cms! 3.5x 4102 eus™ (60) 

Ethylene |8.65 x 10? cms ~       

108
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em soe The distance travelled by the electrons has been taken to 

be the entire cell length even though it appears that ionisation 

eceurs some distance away from the source. This seems reasonable 

since most a particles are confined very close to the source as 

was pointed out in section 4.5, 

Electron drift velocities in various gases have been cal— 

culated and are presented in Table 5 together with literature values 

(60) where available. Small changes in (X/P) in the range considered 

(at atmospheric pressure) have negligible effect on the drift vel- 

ooity (29) , The results obtained are in agreement with those acquired 

using other techniques for measuring electron mobility. The potent~ 

ial use of the ECD to measure electron mobilities at very low (x/P) 

values is amply demonstrated, 

The experimental parameters expressing kinetic control of the 

reactions occurring in the detector are the number of electrons col- 

lected per pulse (Ne) and the pulse interval (s). Fig. (29) shows 

a typical current variation with pulse interval — gradual levelling 

off at short periods giving maximum current and a steep decrease 

with increasing s. The extrapolated current value at zero pulse 

period corresponds to the maximum current observed under the d.c. 

mode. In the case of nitrogen this is about 6.3 nA. However, with 

9595 Ar + 57 CH4 the current at short pulse interval (50s) was 

slightly higher (by 0.3 nA) than the d.c. saturation current (6.85 

nA). With argon and ethylene, the latter was found to be slightly 

higher. These small fluctuations are within experimental error and 

it can generally be said that at short pulse periods, the current 

does approach the d.c. saturation current. This would imply the 

collection of positive ions under the pulsed mode, contrary to what 

is generally accepted (that only electrons are collected) (61) , 

Fig. (40) shows the current variation with pulse interval 

for different gases studied-argon, 95% Ar + 535 CH q ethylene, helium
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and nitrogen, ‘The addition of small amount of methane to argon main- 

tains the electron energy at a constant thermal level and the quench- 

ing gas molecules also remove argon metastables in deactivating 

and ionising collisions. In pure argon, electrons are not completely 

thermalised during the applied pulse times and this probably accounts 

for the lower current observed in argon since the ionisation cross- 

section decreases with increasing electron energy. ‘he metastable 

potential of heliun is relatively high (20.7 ev) 1) and since ion- 

isation of rare gas molecules occurs only via the excited state, the 

measured current is expected to be much smaller in comparison to 

that of argon. The reactions are 

- * - 

He + e ——>He +e 

fae > Hes +e 

Fig. (40) also illustrates the loss of electrons end positive ions 

through recombination processes. Assuming that the rate of decrease 

in average current (as measured by the electrometer) with increasing 

pulse period is unaffected by the nature of the gas in the detector, 

the effect of different rates of recombination is clearly exhibited 

at long pulse interval. Helium, with its lower rate of recombination 

gave almost the seme current as nitrogen and argon a% long pulse 

periods. With ethylene as carrier gas, a very steep decline in 

current is observed. The formation of several positive species up— 

on irradiation have been eoportea 0) 3 Coty F CoH . Coys and 

ey » ‘Though an overall recombination coefficient is not known for 

the gas, it is expected to be large (~10°% on? eae 

Equation. [30] predicts the build up of electron concentrat— 

ion during the field free interval. The rate of production of ion- 

pairs, "4 AG, is given by the initial slope of (Ne versus s) graph. 

For the 500 mci ae source end nitrogen as carrier gas, Ky AG = 2.41 

e104 om? s”'. he mobility and electron ion recombination co- 

efficient (for Nj ) is 2.5 em? v-l s-l ana 1.50x 407° om
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aT, meepecttyaientee? 30) Fp is taken to be the flow rate of the 

gas. The 'Gaines factor', R, is calculated from Eq. [3] for 

several values of s and this allowed the positive ion concentration, 

Po, to be evaluated from Eq. [38] + Table 6 shows the values of 

these two parameters for nitrogen. All the factors involved in 

Eq. [50] are now known and hence the electron concentration can be 

calculated. Fig. (41) shows the prediction of the present theory 

together with that made by Lovelock's ‘stirred reactor’ noaer (42) 

and these are compared with the experimentally observed variation 

of Ne versus s. Ia. [33] giving the average electron concentrat— 

ion and the corresponding equation in Lovelock's model both fail 

to saturate at long pulse periods. This probably indicates that 

the current measured does not correspond to the electron concent— 

ration per pulse integrated over the pulse period but rather to the 

actual concentration of electrons at the end of thepulse period, as 

expressed by Eq. [30] ° 

Expressing R as the ratio of positive ions to electrons in 

the cell simplifies Iq. [30] to : 

2 le less (q + -1 

of: ol/2 exp (q t) + 4] [4] 

aG C=k,R anda = 2 (ac) 1/2 
1 

The recombination coefficient, k,, for ant is 6.7 x MOultca ae 

where a =k. 

A 

as calculated by Oskam and widdtestaat, (62) The drift velocity for 

1 ot a field strength of 80 Vem”. the the ion is 1.52 x 10° ems 

meen value of R is 3.66 x 40°. Fig. (42) shows the theoretical pre- 

diction according to Eq. [44] and also the experimental variation of 

Ne with the pulse interval. 

An equation can easily be derived for the recombination co~ 

efficient from the proposed model, 

fe bane ee i 45 
& ner Neks ky R a@ [+] 

 



THE 'GADNES FACTOR! AND POSITIVE ION CONCEIT2RATION IN NITROGEN AT 

VARIOUS PULSE PERIODS 

TABLE 6 

  

  

  

  

  

  

  

  

        

5 (us) R x 10° 2, x 10? 

43 6.33 3.97 

100 5.68 3.76 

250 4646 3.33 

500 3.29 2.86 

750 2.63 2.56 

4000 2.17 2.32 

4500 1.62 2.01 

2000 1.30 1.80     
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The positive ion mobility in ethylene is approximately 2.5 on™ y 

a! giving a drift velocity of 2.0 x 107 cn ss at @ field strength 

of 80 v en™'.(99) the mean value of Ris 4.66 x 10° and k, = 2.84 x 

401° ome Baal when the cel] volume is 1.27 ones As recombination is 

a dominant process at long pulse periods, the value of Ne = 3.15 x 

10° is taken at s = 1ms. The electron-ion recombination coefficient 

for ethylene, calculated from Eq. [45] , is then equel to 8.95 x 107° 

wa, 

For helium, when the 'Gaines factor’ is calculated from Eq. 

[56] » the recombination coefficient, Xp w 1.59 < 107° om? Pl which 

is considerably larger than the revorted values, (22) An alternative 

way of obtaining the 'Gaines factor’ is to consider it as a function 

of the ratio of the mobilities of positive ions and electrons in the 

gas under study. ‘Thus, 

-1 

a= 6 Ge + 4) (] 
where G is the number ofion-pairs formed per number of B ~ particles 

actually emitted; llp end He refer to the mobility of positive ions 

and electrons respectively and U iis the gas flow rate. R calculated 

in this way gives a value of 6.22 x 104 for helium. The rate of 

10 4 
production of ion-pairs, k, = 1.58 x 10 om? s andNe = 1.3x 

10! ats=1ms. Eq. [45] then gives the recombination coefficient 

for helium and is equal to 2.35 x 107? om? a which agrees very well 

(22) 
with the values quoted by Hasted . 

The use of known values of recombination coefficients and 

positive ion mobilities has made it possible to check the predict- 

fons of the proposed theory. Accounting for the positive ion space 

charge, through the 'Gaines factor', shows that the charge concen- 

=5 
tration in pure argon is about 4.0 x 10? em? ats =1ms,. Went- 

worth et ar, (18) estimated the value to be 1.1 x 10" on. 

Theory, however, failsto explain the observed maxima and
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the subsequent sharp decline. The peak appeared in all the gases 

studied and it seems that a process with a reaction time of about 

0.5 ms is responsible in almost all the cases, Wentworth et oi (18) 

observed a similar peak in their studies and attributed it to a 

different process of loss for the positive ions in the cell. At 

short pulse periods the ions are collected at the cathode but at 

long pulse interval, they are lost through flow out of the cell. A 

different electron concentration would hence be reached at steady 

state and the curve would exhibit a distinct 'jump' from one level 

to another. The maxima has been observed mainly when less efficient 

ionisation sources have been used; Wiel and Monmiassen‘o?) using a 

10 mCi 63y55 source did not observe such a peak. It seems that loss 

of ions through flow out of the cell becomes significant only with 

lesser electron input sources. 

4.9 prasesce or 26 asm 10 Ti CARRTER GAS 

The ECD response to a capturing species depends upon the 

physico-chemical properties of the sample molecules, Yor a weakly 

electron capturing compound, the response is linear when the elect~ 

ron - molecule reaction takes place under conditions which ensure 

that the detector is operating in the pseudo-first order nestone 

This is the case when the semple concentration greatly exceeds that 

of the electrons, ie. with a less efficient ionisation source giving 

a low saturation current. For strongly electron capturing compounds 

a linear response is observed when the electron concentration with— 

in the detector exceeds that of the sample molecule concentration. 

Nearly all of the sample input is ioniseds a high d.c. saturation 

current (108 A) is necessary for this to occur. 

A considerable body of information on molecular electron 

affinities indicate that the negative ions formed are often far 

too stable for the reverse reaction to occur (ie. electron detach-
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ment) .(2) As stated in section 3.1, at ordinary temperatures, a 

very small fraction of gas molecules possess sufficient translation— 

al energy necessary to detach an electron from a negative ion. Thus 

the formation of negative ions can be considered to be proceeding 

only in one direction, ie. as a rate process, ‘his point was 

further considered by Burdett (32) who showed that the detector does 

respond to the geometrical cross section of sample molecules when a 

coup of organic compounds of the same type is considered, The 

electron detachment rate, depending on the electron affinity and act~ 

ivation energy has a mech smaller effect in comparison, 

In order to check these conclusions, the effect of small 

concentrations of Ure in helium was investigated. ‘The sample was 

placed in a saturator - a U — shaped glass vessel (Fig. 43) with a 

sintered glass disc in the wider, gas outlet side to support the com- 

pound and effect better mixing of the carrier gas with the vapour of 

the compound. ‘he saturator was placed in a flask containing dry 

ice. A knomm variable fraction of the carrier gas passed through the 

saturator and was pre-mixed with the main stream before entering the 

detector. 

Fig. (44) shows the current variation with pulse interval 

for pure helium and helium containing different concentrations of 

Wg. At short pulse periods, the current approaches the same d.c. 

saturation current in all cases ~ an indication that all charged 

species present in the cell are collected. The presence of differ— 

ent concentrations of sample in the carrier gas is consequently more 

apparent at long pulse periods, ie. between 0.5 and 1.5 ms. ‘The 

graphs of Ne versus + (Pig. 45) exhibit an anomalous behaviour; 

the number of electrons collected per pulse decreases very steeply 

at long pulse interval instead of reaching a steady level as in the 

pure gas. Dissociative electron attachment (UF¢ + o> W, + F)
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FIG.43 
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SATURATOR USED FOR INTRODUCING SAMPLES IN CARRIER GAS      
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leading to an highly capturing species as a product may well be 

responsible for this observation, 

The flow rate which is inversely proportional to the con— 

centration of UFg introduced, varies linearly with Ne (Fig. 46). 

Hence, a linear relationship exists between detector response and 

sample concentration. Basing the calculation on Lovelock's 'stirred 

reactor modelt, the capture rate constant for UF¢ is about 5.1 x 10714 

3 1 
cm? molecules™' sec’, ‘Table 7 shows the values obtained with two 

different sample concentrations. In comparision to the capture rate 

constant for SF (epproximately 2.5 x 407" om? s”!) the value obtain- 

ed for UFg¢ is very small. Stockdale and Compton.) have shown that 

direct electron attachnentin UFg is absent and this probably explains 

the low capture rate constant. 

The need for a carrier gas free of electron capturing im~ 

purities has always been recognised. The presence of trace levels 

of oxygen in the carrier have been shown (59) to reduce the standing 

current to less than half its maximm value. However, the presence 

of water has been a controversial issue as both its effects and non~ 

effects have been ponomea os It is of practical importance to 

know its effect on the ECD response as many GIO samples are either 

prepared or present in an aqueous media. The presence of small 

quantities of water vapour in the detector may also facilitate the 

determination of the electron-ion recombination coefficient for 

H,0* don. 

The apparatus used for the purpose was the same as that 

described for the introduction of UN in the carrier gas stream, The 

saturator was filled with 10 om? of boiled distilled water and a 

fraction of the gas stream was bubbled through it. With the sat- 

urator at a temperature of 0.5°C, the amount of water vapour present 

(= 4.75 mm. Hg. pressure) reduced the standing current by 25%. To
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TABLE 

CAPTURE RATE CONSTANT FOR Tg A? DIFFERENT SAMPLE CONCENTRATION 

  

  

  
  

PSEUDO 
FLOW RATE CONCENTRATION | RECOMBINATION wien cae 

_ CORTFICIENT a . 

2.9 car te 5.8 x 10'S om73 2.86 x 10° a 4.9x107 tems! 

6 -' - 
2.3 em? oe 6.6 x 10 Pome? SAT x 10° sl 5. 1x10 ems ql           
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decrease the concentration further, a mixture of sodium sulphate 

(anhydrous + decahydrate) was used instead, Equilibrium established 

between the two states at different amperes gives varying 

H,0 vapour pressure and is expressed by 

log P = - ae + 10.7866 

where P is the vapour pressure in mn. of Hg and Tf is the absolute 

temperature. Glasetons ©?) points out that a salt-hydrate system 

requires the presence of two solid phases in addition to vapour; the 

vapour pressure for the system is then definite and independent of 

the relative amounts of the two hydrates. In Na, SO 2 ae 
ration proceeds gradually to completion without the appearance of 

the dehyd- 

intermediary hydrates. 

To saturate the carrier gas with water vapour, it was allowed 

to filter through the salt mixture. Also for conditions to normalise 

in the detector, the gas was passed through the cell for about 3 hours 

before taking the first readings. Al, 9; traps at the end of the gas 

line confirmed the presence of water vapour in the carrier gas stream. 

Pig. (47) shows the variation of Ne with the pulse interval. 

It is clear from the graph that G.C. operators working at a pulse in~ 

terval of about 500 ps would observe a negligible change in the stend— 

ing current at very low water vapour concentrations, The effect is 

more pronounced at long pulse periods, ‘he observed variation is 

very similar to that reported by Wiel and Mommnaseno7) for the pre- 

sence of oxygen in the carrier gas stream. They also noted that water 

concentration in their investigation was 3 p.p.m. and that although el- 

ectron attachment in water is negligible co), reference has been made to 

electron capturing properties of watersotos Karasek and Kane (68) , using 

the technique of plasma chromatography have identified (H,0)n 05 and 

(#,0)n H* as the predominant ions when trace amounts of air is present 

in the carrier gas. The formation of positive species in nitrogen cont- 

aining small concentrations of water vapour have been studied by Good



 
 

  

 
 

O
n
 

+ 
°H 

CNY 
WRITGH 

YOd 
NOLLVIEE 

IVAUGINI 
GSTid 

= 
oN 

—
—
_
_
—
—
_
 

(SW) 
I
V
A
Y
S
I
N
I
 

3
S
1
N
d
 

0-2 
Sb 

O-+ 
S
e
 

10} 
SL-70 

130} 
9-7 

450} 
L
~
 

140} 
79-0~ 

od 
oH 

+8H 

8H 
B
u
n
d
 

 
 

 
 

2
7
9
1
3
               OL | { 

Dixen 
ra 

 
 

  
 
 

 



127 

et ar, (69) Based on their schematic outline of the reactions 

occurring, the following step reactions can be proposed for moist 

helium: 

Hes + 1,0 ———> H,0° + He 

H,0° + Ho——> #0" + OH 

Ho" 

It appears that both in the present work end in Tommassen's 

+ 1,0 + He—>x* (%,0), + He 

the predominant negative ion is (H,0)n 05» thus explaining the 

similority in the observations made. 

The capture rate constant (K,) for the water clustered 

oxygen ion is estimated to be about 1 x 40713 om? a8 As in the 

case of UFg, the calculation is based on Lovelock's stirred reactor 

moder (42) and properties of the holomorphic function; ka * oe 10? 

guand C= 2.15100" molecules em”? (for Pino = 0.62 torr), 

whereby ky Ss ks /C. The value obtained is of the right order of 

magnitude when compared with that given for oxygen by iaetea, (22) 

A systematic series of investigations of the ionisation in 

pre-mixed Hy + 95 + Ny flames has been made over a considerable 

perina ioe 71) In the presence of even a small hydrocarbon impur— 

ity, the main positive ion produced is 5,0". It is also a major 

ion (besides not) in the lower levels of the ionosphere. At atmos— 

pheric pressure, the recombination coefficient for 

#0" + eS Hos ie 

has been found to be 2.2 4 1.0 x 407! ca? re This value was 

obtained by Green and sugden(72) from measurements made in flames 

at temperatures around 2000 K. There is some controversy as to 

whether the recombination coefficient for #0" is temperature dep— 

endent or not. The proposed model for the ECD does allow the
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rate constant to be evaluated from the response observed when small 

amounts of water vapour are introduced in the carrier gas at room 

temperature, Helium was chosen as the carrier gas because of its 

wery low recombination coefficient. 

The positive ion mobility can be assumed to be about 4 om 

vl s7', por the slightly heavier negative species, (G0) 0, : 

mobility has been reported to be about 2.9 cue Naar (68) 

the 

The 

mean value for the 'Gaines factor', R, is then 1.90 x 40°, The 

value of Ne at s = 1.3 ms is 6,3 x 10° electrons per pulse for the 

case where the water vapour pressure is 1.7 torr. The recombinat— 

ion coefficient, Koy for #0" (presumably) is 3.6 t4.0x 107° 

3 om ae calculated from Iq. [45] a 

Measurement of the rate constant at different flame temp~ 

cee EM showed that it had little or no temperature depend- 

ence, However, as pointed out in section 3.2, Thomson's theory of 

three-body iecantina tion 5) predicts a 3/ : dependence at gas 

pressures between 700 and 1000 torr. Jensen and Padley (82) have 

shown that the recombination coefficient for reactions involving 

alkali metal ions and electrons is temperature dependent in accord— 

ance with Thomson's theory. Hastea (22) too, points out that re— 

combination processes involving inert gas ions (ate5 and Ax5) and 

electrons show a gl 2 dependence but only at higher electron tem- 

peratures. The possibility of 10" behaving in a similar way was 

thus considered, 

Using Green and Sugden's value of the recombination coeff— 

icient ar 2100 x72) and assuming a power dependence of (-3/2) for 

the temperature, the recombination rate constant for Hot ion at 

300 K would be, 

Ro foo (202 = 107!) om? ES 4 eee 
2100K 

6 = 4.1%10° om 971



This value compares very well with that obtained in the present 

study. Hence, the rate constant for the reaction 

os 
750 

appears to be gl a power dependent as with other electron ~ ion 

+ ei——> 10 + H 

reactions indicated above.
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CHAPTER FIVE — EXPERIMENTAL VERIFICATION OF ASSUMPTIONS 

Many of the assumptions made in theoretical models of the 

ECD (outlined in section 3.3) have been justified to some extent 

on the basis of information obtained from experiments where para~ 

meters of the applied voltage source were varied. Other experi- 

mental methods, to confirm these assumptions, were investigated. 

Sele OSCILLOGRAPHIC STUDIES 

Electrons resulting from ionisation of gas molecules are 

assumed to be highly energetic initially but to lose energy rapidly 

upon collisions until their average energy is thermal. Calculations 

(18) of the time taken by electrons to reach thermal energy show 

that it is well within the normal applied pulse time. An oscillo— 

scope trace of individual current pulses could provide further in- 

formation. 

The circuit (Fig. 48) used consisted of two cells of 

identical geometry connected in parallel. However, only one cell 

was equipped with a radiation source; the other cell, with two 

plane electrodes, acted as a dummy to offset any capacitance effect 

arising from the cell body. Rectangular pulses were applied to 

both and the resulting signals were fed into an oscilloscope with 

a high gain differential amplifier. ‘The oscilloscope was Teleequip— 

ment's model 43 equipped with type B amplifier. 

It was not possible to amplify sufficiently the output 

signal obtained under normal operating conditions, ie. w = 5s 

and s = 1ms. Hence, traces were obtained under the following 

pulse conditions: w=8ms, s = 98 ms and V = 30 Volts. Photo~ 

graphs one to six show the observed current pulse when the cell 

separation is increased from 0.2 cm, 0.65 cm, 0.85 cm, 1.05 cm and
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OSCILLOSCOPE TRACES OF CURRENT PULSE 

  

tiom = 0 

  

electrode sey     

  
    GRAPH TWO: electrode separation) =



  

TOGR. electrode separation= 0.65cm     

  
FOUR: electrode separation = 0.85cm    



  

PHOTOGRAPH FIVE: electrode separation = I.05cm 

  
PHOTOGRAPH SIX: electrode separatiom = 1.45cm



We 

1.45 cm. The gas flowing through the cells was nitrogen at a flow 

3 rate of 3.6 cm sae The Y - base was set at 5 nV om! and the 

time-base sweep was 5 ms en! for all cell separations except 

1 = 0.2 om where the Y-base was 10 mv om’, 

The effect of decreasing the pulse width from 8 to 1.9 ms 

was to shorten the width of the output pulse. The initial peak 

was not affected, The height of the observed pulse began to de= 

exease when the pulse amplitude was lower than 20 Volts (at 1 = 0.85 

em). 

The height of the pulse represents the current flowing 

through the circuit. Table 8 compares the measured current with 

that calculated from the pulse height at various inter~electrode 

separations. The input resistance of the oscilloscope was 10 Ma . 

The height cannot be measured accurately when the top of the pulse 

is not horizontal and consequently there is a small difference in 

the magnitudes of the two currents. 

The photographs indicate a very short delay time and a rise 

time of about 0.26 ms. This is quite small (3.2%) when compared 

with the applied pulse time, Hence, the current pulse can be said 

to be rectangular indicating that the electrons collected are of 

similar energy. The top of the pulse represents the time of arrival 

of the slowest electrons. A more rounded pulse would have indicat- 

ed a broad energy spectrum for the electrons in the cell. ‘he time 

constant of the circuit, calculated from photograph 2 is about 1.8 

ms which is sufficiently long to allow collection of slow electrons. 

The oscilloscope traces show that the electrons have a reasonably 

narrow energy distribution; the average energy is likely to be 

about thermal. 

As stated earlier, the width of the current pulse decreased 

as the applied pulse time was made shorter. Only at very small pulse



TABLE 8 

COMPARISION OF THE MBASURED CURRENT WITH THAT CALCULATED FROM 

THs PULSE HEIGHT IN PHOTOGRAPHS 1 - 6 

  

  

  

  

  

  

  

  

PHOROGRAPH PUISE cura _(c10719 4) 
NUMBER Barcus catcunamen | 1aasuREp 

1 0.55 om 1.40 4.40 

2 1.05 om 5.25 5.20 

3 4.23 om 6.15 5.85 

4 1.10 om 5,50 5.60 

5 1.05 om 5.25 5.40 

6 0.95 cm 4.15 4.95             
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width (<1ms), did the height of the current pulse decrease, This 

would seem to indicate that all electrons present in the cell are 

collected as they only require a few microseconds to traverse the 

cell. As a first approximation, electrons farthest from the anode 

(10 mm, avay) would only take about three times the time taken by 

electrons closest to the electrode to be collected, Hence, the 

collection of charged particles is completed in the initial upsurge 

of the observed current pulse. 

Output pulses from a circuit consisting of a coupling cap~ 

acitor and an input impedance (Fig. 49) have similar characterist- 

ics to the current pulses observed in the present study, ‘The tail 

of the electron pulse represents the natural decay of the RC net— 

work at the amplifier erecta) The coupling capacitor determines 

the tilt or droop of the horizontal section of the waveform, seen 

in the photographs. If the input voltage pulse is Vi and the output 

voltage Vo, then the two are related by, 

GN VOT SO 
at at RC 

For a rectangular pulse input, the solution of the above equation is 

Vo = V- exp ~ (W / RC) where V is the applied pulse amplitude and W 

it the pulse wiath, (74) The above equation predicts a larger output 

voltage with increasing values of RC. Consequently, the tilt of the 

decay curve becomes increasingly horizontal. Hence, photographs of 

the electron pulse taken at small cell separations (0.2 and 0.45 om) 

exhibit steeper decay curves than those taken at longer electrode 

spacings (0.65, 0.85 and 1.05 cm) where the charge density is high. 

The oscilloscope traces have provided further data on the 

state of the electrons in the detector and have also aided in the 

interpretation of the measured current.
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DIFFERENTIATING CIRCUIT AND CUTPUT PULSE 
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5.2 PROBS STUDIES 

The difference in electron and ion mobilities has been held 

responsible for the large excess of positive ions in the RCD. 

Kinetic analysis of the processes occurring in the cell becomes 

meaningful only when the concentration of positive species is consid- 

ered to be about a thousand times greater than the free electron con- 

centration. An attempt was thus made to determine the positive ion 

density in the cell using electrostatic probes. 

Experimentally, electrostatic probes are simple devices con— 

sisting merely of an insulated wire (platinum) used with a d.c. 

power supply and an ammeter (Fig. 50). However, the theory of probes 

is extremely complicated. The difficulty stems from the fact that 

probes are boundaries to a plasma, and near the boundary the equations 

governing the motion of the ions in the plasma change their character. 

The current drawn by a probe is a function of the charged 

species, the number density, the applied potential and local conditions 

around the probe surface.. Fig. (51) shows the current-voltage graph 

obtained with a double~probe system. It has three distinct regions : 

a REGION AB 

At lerge negative voltages, the current is relatively insen— 

sitive to the applied voltage and corresponds to positive ion satur~ 

ation on probe 2. All electrons are repelled and an ion sheath surr- 

ounds the probe. 

i) REGION BC 

A transition region close to zero applied potential where the 

current changes rapidly with voltage due to the ability of electrons 

to approach both probes. (19) As the probe voltage is made less neg~ 

ative, some of the high energy electrons penetrate the ion sheath 

and reach the probe. The less negative the voltage relative to the
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CIRCUIT DIAGRAM FOR A DOUBLES PROBE SYSTEM    
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plasma, the more electrons will have sufficient energy to overcome 

the retarding field. ‘Thus, the current steadily increases. 

c) REGION CD 

A region at large positive voltages where the current is 

relatively independent of the applied voltage and corresponds to 

negative charge saturation on probe 1, If the probe voltage is 

made positive relative to the plasma, electrons are accelerated to- 

wards the probe. Near the probe surface there is therefore an 

excess of negative charge, which builds up until the total charge 

is equal. to the positive charge on the prane: 6 fo) 

Johnson and Matter(7) developed the double probe technique. 

The operation of a double probe system is governed by two factors : 

i. Kirchhoff's law that the total net current drawn by the 

probes is zero, ie. the electron current collected by the 

probes is always equal to the total positive ion current 

collected by them. 

oa The electron current to each probe is governed. by the Boltz- 

mann Lawe 

At high pressures () 1 ma Hg) a positive ion experiences 

many collisions with neutral molecules within the sheath surrounding 

the probe. Under these conditions the mean free path for the charged 

species is very much smaller than either the Debye length or the 

probe diameter. The effect istwo fold : first, the motion of the 

ions within the sheath becomes mobility controlled and secondly, a 

fraction of the ions entering the sheath is lost from the sheath due 

to the scattering. 

The theoretical treatment of Su and ei) has probably 

had the widest application to probe theory in high pressure, coll— 

ision dominated plasmas. They determined the charge distribution
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about a spherical probe using the continuity equations together with 

Poisson's equation making no assumptions regarding the presence of a 

boundary layer sheath, 

A quantitative analysis of the results obtained has been 

made, using three different theories developed by nations i) using 

electrostatic probes to measure positive ion concentrations in flames. 

Conclusions reached have to be treated with caution as it is assumed 

that the theories are generally applicable, 

The circuit for the double probe system used is shown in 

Fig. (50). Current was measured on an AVO 1388 B d.c. amplifier. 

The ECD was not part of the probe circuit. Each probe consisted of 

a platinum wire enclosed in a glass tube (0.128 in. in diameter). 

The end of the wire was turned into a sphere of radius 2.9 x 4074 

m. Care had to be taken to ensure that the two probes had very 

Similar areas. Studies were made with a slow flow of nitrogen 

through the cell and a fixed inter-electrode separation of 0.5 cm. 

Fig. (51) shows the current-voltage plot obtained. Analysis of 

results is as follows : 

1) TRAVERS AND WILLIAMS aprroacy (7) 

Qne assumption needs to be made; at high pressures, the 

positive ion current density reaching the edge of the sheath layer 

surrounding the probe is equal to the positive ion random current 

density in the plasma. 

Within the sheath, the positive ion current, ip, at a radius 

ris given by, 

= 2 ip = -4T xr” Nep,x 

where, N+ is the positive ion density (a? ) and }i+ is the mobility 

of the positive ion. Substitution of Poisson's equation for charge 

density gives,
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Guys 2. lay ip 

ax’ xr dr 4AM f+ €or” (av/ax) 
  

  

Integrating once and applying boundary conditions that av/dr = 0 at r= 

a (the sheath radius) leads to, 

§ 1 ko, 
finn or ee [2 a [at] 

As no analytical solution of the above integral has been found, a 

numerical integration was performed between the limits r=a and 

rer, for a range of values of the ratio a / Yp where rp is the 

probe radius. To facilitate this, the integral was made non—din— 

ensional by means of the substitution x= xr/a. Making this sub- 

stitution the above integral becomes, 

4 

a ue @ ey ne 
3 

t/a = 

where n = a 25 Equation [47] can now be written as, 

: 1/2 4/2 
vp = (2 ) Ges) [43] 

6 TT f+ Eo 

where Vp is onset potential for saturation curzents and 

1 
3) 1/2 ae eso ax 

dfn 
x 

At Vp = 130 Volts, the positive ion current, ip, is the sum of the 

eurrents to probe 1 and 2, ie. 

ip = ip, + ipp = (1.10 + 1.38) na 

= 2.48 nA 

Hence (Ca /2) = 0-54, ealoulated fram Eqe [43] . The value of
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1/2 
& can be obtained from a graph of (A I) versus a. Table 9 gives 

the values of I and @, calculated from the probe radius. The value 

of a when (Ia 1/2) = 0.54 is 3.18 x 107? m. ‘the time for an u~ 

scattered positive ion to cross the sheath is given by, 

eee 
+ Vv. 

a DB 

= 2.38 x 107 2. 

The positive ion current, ip, can be expressed by, 

=a 

a 0) 
where Jr is the positive ion random current density; OC is the scat— 

tering coefficient (tore!) and P is the gas pressure. The value 

of X& calculated from the collision frequency, Vc and ++ is, 

X=Nets+ = 2.29x 1074 torn? 

at atmospheric pressure. ‘The random ion current density, Jr, cal- 

culated fron Bq. [49] is 2.27 x 40° ene Jr can alternatively be 

expressed by 

Jz =e N+ (cB)? 

where T+ is ion temperature (equal to the gas temperature) and M+ 

is the mass of positive ion (ng). Hence, 

200 Me 2 Ir 
Kt eo. Ne = ( 

M = 1.70 x 109 om? 

2) SU_AND LAM APPROACH 

The theory allows the determination of positive ion concent—
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TABLE 9 

NUMERICAL VALUES OF THE INTRGRAL I FOR VARIOUS VALUES OF a, 

  

  

  

  

  

  

  

  

  

n I a =n x al/2 

1 ° 2.90 x 1074 m 0 

2 0-770 5.00x 104 m | 1.86 x 10° 

3 1.734 8.70 x 10+ m | 5.12 x 107° 

4 2.722 11.60x 1074 am 9.28 x 107° 

5 3.116 14.502 1074 m | 1.42 x 107! 

6 4.713 17.40x 107 m | 41.97 x 107! 

8 6.715 23.20x 107* m 3.24 x 107! 

10 8.716 29.0x 1074 m | 4.70 x 107!            
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ration from the measurement of positive ion current dravm by a 

spherical probe operated at plasma potential. This is the potential 

where no sheath exists and hence the probe is at the same potential 

as the plasma. In the absence of any electric field at this point, 

charged particles migrate to the probe purely because of their 

thermal velocities. The plasma potential corresponds to that point 

on the graph (Fig, 51) where the regions BC and CD meet. The xel- 

ation that expresses the positive ion concentration is, 

ce wos It / (411 x DE e) [50] 

where D* is the positive ion diffusion coefficient and I’ is the 

positive ion current at plasma potential. The values are 3 

BP = G12 240s melas or wot) 1!) ender = 1:65 ak at 

Ve= -162 Volts. Hence, the ion density is 4.56 x 10'! on™, 

3) BOHM, BURHOP AND MASSEY'S approaca (75289) 

In the case of spherical probes and in the limit A « tp? 

ea 0 Ay Ae 

ce ett a (54 
6 Pi 

@he mean free path,A, (=10 cm) is very much smaller than the 

probe radius, oy Ole en. V is the average magnitude of the 

thermal velocity and is calculated from the kinetic theory. ‘The 

probe area, Ap = 477 mn I* is as defined previously. The pos 

itive ion concentration is given by, 

VTfr. e 3 tp A 

Ri = 4.9x10'! cod 

The Travers and Williams approach has been found to give a 

value of N+ one or two orders of magnitude higher than that obtain-



ed with other Rueosien. <2) There is very good agreement between 

the other two values obtained and hence the positive ion concent~ 

ration in the detector (for nitrogen) can be said to be about 4.7 

0! 3 10 
<1 cm”. A typical current density of about 10 ~ A gives i 

an electron concentration of 1.6 x 10? om? » Hence, the Gaines 

va 
factor, as the ratio of positive ions to electrons is 3 x 10°; 

this is comparable to the mean value of R (3.4 x 40°) calculated 

from the values given in Table (6). 

5-3 FLOW OULLE? CURRENT 

Carrier gas flow has been considered to be a plausible 

mode of lass for positive ions in the cell. It would lead to an 

increase in free electron concentration as losses through volume 

recombination diminish. The time constant for removal of ions 

through flow is comparable to that of other processes responsible 

for the loss of positive ions from the cell (as show in section 4.6). 

Wentworth et ai, (18) assumed that there was slow removal of mat- 

erial from the detector by flow of the carrier gas. They attributed 

the observed peak in the graph of (Ne versus s) to a change in the 

mechanism by which positive ions were removed from the detector. 

Lyons et al., (29) suggested that the concentration of positive ions 

was inversely proportional to the gas flow rate. However, no exper= 

imental evidence was presented in either of these studies and so 

an attempt was made to verify experimentally whether carrier gas 

flow was a possible mode of loss for positive ions in the cell. 

An electrometer was connected to the gas outlet which as 

described in section 4.1, was a brass tubing threaded half way 

through the cell body, The electrical contact was insulated by a 

PIFE sleeve. An external source of potential was not included as 

this would have introduced additional difficulties in interpretat-
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ing the current. ‘he electrometer was thus floating, ie. it could 

assume a potential positive or negative with respect to the cell 

potential. The ECD was operated in the normal way and its response 

was not affected by the current measured on the gas outlet. 

Figures (52) and (53) show the variation in this current 

with d.c voltage as applied to the detector. The cell length was 

also varied. It is to be noted that a high ges flow rate (4.7 om? 

oa) was used in these experiments. The current measured on the 

gas outlet is a function of the applied potential as an electric 

field exists between one of the cell electrodes and the gas out~ 

flow tube. Hence, at low potentials, the current increases and 

when at high potentials the current flowing in the ECD circuit reaches 

its plateau value ( indicating the collection of all charged species 

in the cell), the current measured on the gas outlet decreases. 

The decrease in the field intensity between one of the cele electrodes 

and the gas outflow tube is also responsible for the observed decrease 

in current (at a given voltage) with increasing inter-electrode spac- 

ing. At cell separations greater than 1 cm, the polarity of the 

electrodes seems ta be reversed and consequently the sign of the 

current changes. 

The current measured on the gas outlet also varied with the 

carrier gas flow rate (Fig. 54). ‘The graph shows that at low flow 

3 rates (20 em’ nin’) the current measured is very small but it in- 

3 min’, In the pulsed creases ten fold when the gas flow is 180 cm 

mode, at short pulse periods, the current increases steeply to a 

maximm; thereafter it declines gradually to a steady level at long 

pulse interval. 

The current measured on the outflow tube could either be due 

te electrons or positive ions being removed from the cell by carrier 

gas flow. It cannot be the former because, as Lovelock (42) has
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pointed out, the residence time of electrons within the detector 

is too short for a sensible proportion of them to leave the cell in 

the carrier gas stream, The magnitude of the measured current (10712 

—14 
to 10 A) is also rather large for it to be an ‘electron current. 

The directional drift imposed on the positive ions by the applied 

field does not significantly alter the residence time of the ions, 

Their velocity will be comparable to that of gas molecules and hence, 

the observed current is probably due to the removal of positive 

species from the cell by gas flow. It can also be concluded from 

Fig. (54) that at short pulse periods and in the d.c. mode both neg— 

ative and positive species contribute to the ECD current and at long 

pulse periods there seems to be a steady removal of positive ions 

from the cell when the gas flow rate is high,
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CHAPTER SIX - CONCLUSION 

During the past fifteen years, a fundamental understanding 

of electron capture detection has been gradually developing. This 

study has been a further attempt to relate the detector's response 

to operating parameters and also to detector characteristics. The 

instrument's potential use as a means of investigating electron— 

ion processes at normal temperature and pressure has also been put 

to test. A theory of the detector has been developed to assist ‘in 

this account and to generally predict the observed signal. 

A detector of cylindrical geometry with variable electrode 

spacing enabled the depth of the reaction zone to be determined. 

Results obtained with a 35 source supported the normally accepted 

value of about 9 mm. for the range of fe particles. With 3g 

sources, the reaction zone seems to extend to about 6.5 mm. from 

the source and hence does not support the value of 2m. quoted by 

Wentworth et. at.” The yange-energy relationship showed that the 

range of average energy p particles is about 2m. However, in 

the ECD, it appears that high energy Beta particles are responsible 

for ionisation, thereby extending the reaction zone to about 6.5 mn. 

with the normal carrier gases flowing through the cell. 

he gas pressure is expected to alter the range of Bp” par 

ticles and consequently the plasma volume and the degree of ionis= 

ation. Results obtained confirmed theoretical predictions that the 

current should vary linearly with gas pressure when the range of 

P” particles is greater than the cell length (at very low pre- 

ssures) and be independent of pressure when the electrode spacing 

exceeds the path length. 

Studies carried out with two sources of different activit— 

ies (500 mCi and 150 mCi 3x) showed that the ratio of the observed 

currents for the two foils depended very much on the characteristics
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of the applied potential. Im the pulsed mode of operation, at long 

pulse interval, the rabio was nearly the same as that of the two 

activities but at short pulse period and in the d.c. mode, the 

current ratio was about one half the theoretical ratio of the act—- 

ivities., Strong space charge effects, under the latter conditions, 

could probably be responsible for reducing the current from the 500 

mCi source. 

The carrier gas flow has been shown to have two effects on 

the processes occurring in the cell. Firstly, a high gas flow rate 

tends to diffuse the plasma and hence effect better mixing; second-- 

ly, it seems to remove positive ions from the cell at a steady rate. 

The current variation with electrode spacing in a cell of assymmetric 

configuration showed that even at large electrode separations 

(> 1 em), the current remained very close to its maximum value. 

This would seem to indicate that the vortices in the flow pattern 

have dispersed the charged species over a much larger volume than 

the space in the vicinity of the cathode and consequently more 

charges were collected during the applied pulse time (jy). 

The residence time for gas molecules, at high gas flow rates, 

has been shown to be comparable to the time constants for processes 

removing positive ions from the cell, ie. volume recombination and 

surface recombination at the cathode. Uxperimental evidence includ— 

ed the measurement of a current on the ges outlet. This current 

was inferred to be due to positiveims since elect rons could not 

be removed from the cell as their residence time is too short for a 

sufficient number to leave the detector and thus account for the 

measured current. At long pulse interval the current on the out— 

flow tube reached a steady level, possibly indicating a constant 

removal of material in the high flow region, where the ECD standing 

current is independent of carrier gas flow.
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Analysis of the current variation with flow of carrier gas 

is complicated by the presence of a capturing impurity in the gas 

line. Besides enhancing the diffusion of the plasma and removal 

of positive species from the cell, a higher gas flow also decreases 

the concentration of the contaminant, leading to an increase in 

current. Large changes in standing current with gas flow seem to 

indicate a predominant effect of the latter as a gas line suspected 

of leakage showed. 

The ECD was used in both the d.c. and pulsed modes of operation. 

In the former mode, the standing current has been shown to be prop~ 

ortional to ie and inversely proportional to ? at reasonably high 

gas flow rates (> 1 oe at \5 

Kinetic analysis of the detector's response in the d.c. mode, 

based on the proposed model, has been attempted; however, the agree~ 

ment was not very good. It is difficult to make reasonable assunpt— 

ions concerning the various processes occurring in the cell under 

this mode as it has inherent sources of error: ‘the electron energy 

distribution is likely to be higher than thermal; a xelatively 

dense space charge may oppose applied potential and absorption of 

material on electrodes gives rise to contact potentials. ‘he det— 

ector could also respond to other parameters of the sample besides 

electron attachment. The use of the detector in the d.c. mode, at 

least for routine chemical analysis, is to be avoided. 

The pulsed mode of operation was suggested by Lovelock 12) 

to avoid many of the problems faced in the d.c. mode. In literature 

porieve (070!) the interpretation of the detector response and the 

physical state in the cell under the pulsed mode, are often not 

clearly stated or even on occasions erroneous. 

The observed current is attributed to the collection of 

free electrons only and the contribution of positive ions is said
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to be negligible. Results obtained in the present study show that 

the current at small pulse periods does approach the d.c. saturation 

current. Hence, both electrons and positive ions are removed fron 

the cell by the applied potential. If the pulse width is sufficient— 

ly long ( 1 to 5s, depending on detector geometry and size), all 

the free electrons in the cell are collected and an equal number 

of positive ions are neutralised by surface recombination at the 

cathode. Under these conditions, the observed current is a measure 

of the electron concentration in the cell. The current variation 

with pulse width and also with the applied voltage, exhibit a plateau 

after an initial increase. This would seem to indicate that all 

free electrons are being collected. Oscillographic traces of the 

current pulse tend to support this conclusion as well. They also 

show that the electrons have a narrow energy distribution. It seems 

likely that the average energy is about thermal, ie. ~ 0.03 eV. 

With the use of electrostatic probes, the positive ion 

density has been shown to he very much greater than that of the el~ 

ectrons. In the pulsed mode, space charge effects are said to be 

minimised since charge separation occurs only during the short time 

the pulse is applied for. Studies of the pulse amplitude required 

for saturation current at various cell separations showed a potential 

trough similar to that observed under the d.c. mode. It seems that 

a space charge of positive ions is evident even under the pulsed 

mode. 

Measurement of current at various pulse widths allowed the 

electron deift velocity to be determined. Wentworth et. a1, (18) 

also found this to be the case. Velocities obtained in various 

gases have Coen tabulated. Agreement with literature values is good 

end hence it can be concluded that the ECD has a potential use as 

a meons of determining electron drift velocities in various poly- 

atomic gases at low values of x/p,
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A theoretical model for the ECD is presented. The analy— 

sis is based on treating the detector as a system of rate processes. 

The significance and the necessary inclusion of a parameter for the 

build up of positive ions in the cell has been pointed out. The 

model also makes use of know values of electron-ion recombination 

coefficients and positive ion mobilities to predict the observed 

response, The theory developed so far shows an improvement on 

simpler approaches but still does not conform completely to experi- 

ment, notably in not predicting the moximum observed when Ne is 

plotted against the pulse interval, 

In the presence of small molecules, electron attachment 

leads to a decrease in free electron concentration in the cell. 

Studies investigating the stability of negative ions have show 

that electron detachment is not a very likely process to occur at 

ordinary temperatures. Small concentrations of Ul, were introduced 

in helium as carrier gas in an attempt to study this phenomenon. 

The detector response, however, was difficult to interpret as dis~ 

sociative attachment seem to have occurred, 

To study the effect of water vapour on the ECD response, 

small amounts of 1,0 were introduced in the carrier gas strean 

So The current de~ aie 

ereases with increasing concentrations of H,0 and the effect is 

mare pronounced at long pulse periods. The electron attachment 

with the help of anhydrous and hydrated Na, 

coefficient has been evaluated, basing the calculation on Lovelock's 

stirred reactor model. (42) Also, the electron-ion recombination 

coefficient for the most likely positive ion (0°) has been cal= 

culated from the proposed model. The rate constent's temperature 

dependency has also been discussed. 

Electron capture detection is a continuously growing field. 

Recently the ECD has undergone structural changes designed to make
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the detector response absolute and independent of the ambient 

variables of temperature and pressure for strongly electron cap- 

turing compounds. The coulometric nop (42984) consists of a 

metal tube about 5 cm. in length and a fine wire runing down the 

centre of the tube, forming the anode. The radio-active source 

is An giving a saturation current of between 50 and 50 nA. An 

extremely high ionisation efficiency (about 93%) is achieved umder 

the following experimental conditions + 

i) high electron concentration in the cell, well in excess 

of sample concentration. 

ii) operation of the cell under the pulsed mode with s ) 150ps. 

iii) low gas flow rate and a cell with a large volume, 

The limit of detection has been found to be 1 x 10713 g of SPs 

injectea, (85) Atmospheric halocarbons, COL, CCL a and. CCl, = 

CClo have been determined by this pechiaaden 0. 

Other developments have been the drift tube detector by 

Karasek and Kane, \©8) the photo-electron capture dstenter ol)   

(using an external photon source instead of the traditional radio- 

active source) and Horning et. al. 22) have coupled the ECD to a 

mass~spectometer. These developments emphasise the need to ident- 

ify the species involved in various reactions taking place in the 

cell. 

This study has attémpted to solve some of the pressing 

problems faced in the normal use of the ECD. Assumptions made in 

previous theoretical models concerning the physical state inside 

the detector have been further justified on the basis of experi- 

mental evidence obtained. The detector's behaviour is not yet 

fully understood but because it is an indispensible instrument 

in today's trace analysis, further attempts have to be made to 

domesticate the detector completely.
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SUMMARY 

Practical problems encountered in the use of the electron 

capture detector have been investigated. A theoretical model is 

also proposed for the instrument. 

Detector characteristics and operating parameters are dis— 

cussed end an experimental study investigated their influence on 

the detector response. The two principal processes occurring with- 

in the cell, electron attachment and recombination are also dis— 

cussed and partly based on the consideration of these processes, 

a kinetic model is proposed for the ECD. An attempt has been made 

to verify experimentally some of the assumptions made in the 

present theory and in other previous models (which have been dis- 

cussed as well). The experiments included the use of electrostatic 

probes to determine the positive ion density in the cell, oscillo~ 

scope traces of the current pulse and current measurements on the 

ges outlet to observe the effect of carrier gas flow. 

The proposed model has shown an improvement in the pred- 

iction of the detector response observed when only pure carrier 

ges is flowing through the cell. It is further used to determine 

the electron-ion recombination coefficient for the most likely 

positive ion (0°) present when moist helium is used as carrier 

gas.
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INTRODUCTION - 

The conductivity of gases in an ionisation chamber is 

exquisitely sensitive to small changes in gas composition. Sever- 

al eetotores based on this observation, have been constructed for 

use in gas chromatographic systems. The recent emphasis on analy= 

sis of environmental pollutants present in trace amounts has brought 

one of these detectors, namely, the electron capture detector (ECD), 

to the forefront. 

The ECD, since its inception in 1960 by Lovelock and 

Lipsky(1) has been extensively used in investigations of biological, 

physical and chemical importence. Its contribution to topics of 

scientific interest can be chiefly attributed to its extreme sensit— 

ivity, and tne ease with which it can be operated. Its design is 

also relatively simple and has only been slightly modified since it 

was originally devised. The ECD still is a two-electrode ion 

chamber with an internal radiation source. 

Physiochemical aspects of free electron reactions have been 

studied with the aid of the ECD. ‘The toxicity or biological activ— 

ity of compounds such as dinitrophenol and thyroid hormones has 

been puseostadts) to be due to their ability to function as irrever~ 

sible electron traps. Carcinogenic activity of compounds such as 

polycyclic aromatic hydrocarbons, halogenated aliphatic hydrocarbons, 

azo dyes and quinolinol N— oxides has been loosely anced >) to the 

ability of these compounds. to extract electrons from their normal 

path in a living cell. 

Characteristic ‘spectra’ based on the measurement of cross— 

section for electron attachment at different electron energies 

have been obtainea\4) by applying radio-frequency potentials to the 

ECD. 

Dissociative electron capture or attachment has also been 

the subject of many investigations in which the ECD has played a



paramount role. studies (>) have attempted to distinguish between 

two mechanisms by which attachment of thermal electrons to aliph- 

atic and aromatic halogen compounds proceeds : 

a) electron attachment to a thermally excited molecule follow— 

ed by direct dissociation into a halide ion and a radical 

ABY 4 e— > 4 + B 

b) electron attachment to form a stable negative ion of the 

molecule which in turn becomes thermally activated to 

undergo dissociation into the halide ion and a radical 

\ os (a) AS Be 

The electron capture detector has been most widely used 

however, for analytical purposes. It has provided reliable 

results in analysis of pesticide traces in materials of biological 

origin. This is but one example of its use in this fields; others 

are its use in the determination of a vast array of suitably der- 

ivatised biochemicals and drugs, chelated metals, meteorological 

tracers, air pollutants and lead alkyls. ‘The literature, conseq- 

uently is voluminous, An extensively comprehensive review on the 

application of the ECD to various fields, % primarily concerned 

with its function under various analytical circumstances, has 

been published by R. V. smitn(®) . 

It is the detector's use as an analytical tool that has 

attracted attention and aroused controversy. Aue and Kapital?) 

point out that entirely due to the ECD, terms such as polychlorin— 

ated biphenyls' have ascended to household prominence and it is 

partly responsible for the discontimed use of DDT in countries 

around the world. 

The instrument's controversial nature arises largely 

from a lack of understanding of its mode of action, This becomes



apparent from the difficulties and problems faced by GC operators : 

the ECD is or is not disturbed by water; its standing current is 

or is not dependent on either gas flow rate or temperature; it 

is or it is not a mass-sensing device. Negative excursions 

below the baseline after the emergence of a peak and shifting base- 

line are phenomena experienced regularly. 

Besides these practical problems there exists theoretical 

deficiencies. Models, explaining numerically the signals it 

generates, are often inadequate for various reasons outlined later 

in this work when they are more fully discussed. The ECD's 

response is a complicated function arising from the interaction 

of several physiochemical parameters. This has made the task 

of predicting the signals it generates difficult. 

A programme of fundamental study has therefore been under— 

taken to resolve some of the practical problems faced and a theor— 

etical model is proposed for the ECD. The model makes use of 

carrier gas parameters, such as positive ion mobilities and elect— 

ron-ion recombination coefficients (which have been well established 

by other techniques) to calculate empirical factors introduced in 

the theory.



CHAPTER TWO - DETECTOR AND OPERATION CHARACTERISTICS 

2.1 DEVECLOR CLASSIFICATION 

A gas chromatographic detector senses the variation in the 

amount of sample passing through it. The response can be classif— 

ied as concentration dependent, mass flow-rate dependent, or as a 

mixed function. ‘The concentration detector produces a signal that 

is proportional to the amount of solute per unit volume of carrier 

gas passing through the cell. A mass flow-rate detector gives a 

signal that is proportional to the amount of solute passing through 

it in unit time, but is independent of the volume of carrier gas 

required for elution. The flame ionisation detector is an example 

of this latter class while the electron capture detector has been 

classified as a concentration detector for certain classes of 

compounds « 

Qualitative gas chromatographic analysis involves separation 

of the sample into its constituents. Quantitative evaluation of 

the resulting chromatogram consists of determining the absolute 

or relative quantities of individual components. This necessit— 

ates the determination of peak areas, ie. integration of the det— 

ector signal with time. With detectors of the first category, the 

signal is proportional to the sample concentration, C, in the 

carrier gas. The peak area, A is expressed as 
: f 

avafe Gb me fee aS [1] 
1 2 

where @ is a constant of proportionality and £, and fy are the 

flow-rates (moles per second) of the sample and the carrier gas 

respectively. A proportionality between peak area, A, and the 

quantity of the sample holds true only for constant flow-rate 

(£, + f)s as can be seen from Equn. [2].



i= ae [+ at [2] 

at a given temperature and pressure. 

The signal produced by detectors of category two is proport— 

ional to the mass flow-rate of the sample. In this case, the peak 

area is. proportional to the size of the component, even if the flow- 

rate of the gas mixture, (£, + £5), changes during the measurement. 

Fluctuations in the carrier gas flow-rate give erroneous 

results for the concentration-sensitive detectors. Ha1asz(8) has 

pointed out that this adverse effect can be minimised by the add- 

ition of a scavenger gas though at the expense of some loss in 

sensitivity. 

2.2 CELL CONFIGURATIONS 

The ECD is basically a two-electrode chamber through which 

gas can flow and which contains a source of ionising radiation. 

There are three principal forms in use today and these are illust— 

rated in Fig.(1) Early ECD's were generally converted argon ionis— 

ation detectors operated at low applied potentials. Such detectors 

have coaxial geometry with the anode located along the axis of the 

cell and surrounded by a cylindrical cathode to which is attached 

the radioactive source. In the plane parallel configuration, the 

anode and the cathode are arranged parallel to one another at the 

end of an electrically insulated chamber. In the concentric cyl- 

inder zop\?) y the cathode houses: the radioactive foil but the 

anode is removed and isolated by a Kovar glass union. The third 

version is really only useful when a continuous d.c. voltage is 

applied across the electrodes. 

These detectors function satisfactorily if due attention 

is paid to the peculiarities of each, and care is taken to optimise
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the operating parameters. A comparison between these geometrical 

types has been reported ©) but they are difficult to evaluate 

because a large mumber of experimental variables affect their over 

all performance. In the design of a practical detector, the dimen— 

sions are certainly more important and these are considered in the 

experimental section where a plane parallel cell used in the present 

studies is fully described. 

2.3 BASIC PRINCIPLES OF OPERATION 

At normal temperatures and pressures a gas behaves as a 

perfect insulator; if however, electrically charged atoms, molecules 

or free electrons are present, their motion in the direction of an 

electrical field renders the gas conducting. The radio-active 

source emits energetic B particles which undergo ionising collis— 

ions with carrier gas molecules. The application of a voltage across 

the two electrodes creates a potential difference, allowing the 

collection of charged species present in the cell. The resulting 

current is measured on an electrometer connected in series with the 

ECD. 

At atmospheric pressure, the principel process causing the 

loss of ions at low field strengths is the recombination of negative 

and positive ions to regenerate neutral molecules. The probability 

of recombination between a free electron and a positive molecular 

ion is between 10° and 10° less than between oppositely charged mole- 

cular ions. The formation of negative ions through electron capture 

results in a rapid disappearance of charged species in the cell at 

low applied fields. Consequently, the presence of an electron cap- 

turing gas or vapour reduces the observed signal of the ECD corres— 

ponding to a decrease in the standing current (ie. current when only



pure carrier gas is flowing). 

2. SPACE CHARGE DEVELOPMENT 

The current-voltage relationship of a gas filled insulated 

vessel containing two plane parallel electrodes is well establishea(), 

as the voltage increases the current tends towards a constant level, 

the saturation current, corresponding to the collection of all ions 

and electrons generated within the chamber (Fig. 2). At higher volt- 

ages the current increases again and tends to infinity at some finite 

applied potential. ‘this is because the electrons originally formed 

by irradiation (or by any other ionising source) in the gas, gain 

energy from the field and reach velocities which enable them to ion- 

ise gas molecules. The length of the saturation current plateau de- 

pends upon the nature of the gas and on the density of ionisation, 

Practical ionisation detectors need to be operated at some voltage 

in the plateau region so as to provide a current directly related to 

the concentration of the sample present. 

Je Ee Lovelock (12) has pointed out that in an ion chamber 

where the applied potential is low and ion density is high, the 

current flow is strongly affected by the development of space charges. 

The situation is similar to one that exists in gas filled electronic 

diodes‘ 13), So many electrons are emitted from the thermionic 

cathode that only a fraction of them are collected by the anode at 

the working potential. The remainder form a ‘cloud! of negative 

charges, known as a ‘space charge', near the cathode, In the ECD, 

the positive ion concentration may be several thousand times greater 

than the free electron concentration. This is simply due to the 

fact that the free electrons are collected very soon after their 

formation whereas the positive ions with their lower drift velocity
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move only slowly to the cathode and accumulate there as a space— 

charge cloud. In general, electrons have a mobility a thousand 

times greater than the positive ions in their om gas. For a plane 

parallel geometry chamber, Sharpets('4) equation derived for space 

charge limitation is 

oe 
N= ak {3] 

where N is the rate of ion production; k , is the electron mobility; 

V, is the applied potential and d is the electrode separation. N is 

that at which the space charge reduces the field at the anode to 

zero. The equation suggests that the extent of space charge limit~ 

ation is reduced by using small chamber dimensions and a high pot— 

ential. 

2.5 PRODUCTION OF THERMAL ELECTRONS 

Secondary electron production in the cell occurs through 

inelastic and elastic collisions between the primary electrons, ie. 

the pa particles. and molecules of the carrier gas. Beta-particles 

3 released from a “H source have a maximum energy of 17.6 — 18.9 keV, 

while those from Sug are about 67 reo 15) , However, these particles 

rapidly lose their energy in ionising collisions until their energy 

is Iess than that necessary for formation of an ion pair. Approx— 

imately 36 eV are expended in forming a nitrogen ion pair, while 28 

eV are necessary in Prnedins ere ice The electrons produced by 

the p's will initially have an energy in excess of thermal energies 

put they rapidly lose energy in collisions until their average 

energy is thermal (about 0.03 eV). With nitrogen as carrier gas, 

the reactions are as follows : 
- * Gg Ny —> "yf + e@ +e 

+ + 
Bot hog



In pure argon, only elastic collisions can take place once 

the energy is below the excitation level of argon. However, if 

argon containing a quench gas (eg. methane) is employed, then the 

energetic electrons produced are thermalised during collision with 

the quench gas. ‘The decay of argon metastables via the quench gas 

is also facilitated. ‘he reactions can be stated as follows: 

ms ° A a * B + Ar —_ JD AF + ec + e 

- Applied -\* Az 4 aia (11.6 ev) 

-\* ° - + (ar’) + CH, ———> ar’ + e + CHy = energy. 

the 
Possible modes for the loss of energy in, presence of methane 

aye through excitation of low-level vibrational and rotational states 

of the gas. Thus, a reduction in temperature and deceleration of the 

fast electrons results. 

An estimation of thermalisation times has been made by 

Warman and Gener 10) - They demonstrated that thermalisation of elec— 

trons occurred in fractions of a microsecond when n-hexane is used with 

monatomic or diatomic gases; in the absence of a quench gas, the 

electrons were not completely thermalised even after 50 ms. Wentworth 

et aaa) estimated that an electron with an energy of 10 keV is 

cooled to 10% above thermal energies in 0.076Us. As the energy of 

activation or electron affinity for a solute molecule may be 0 — 4 eV, 

it is apparent that the thermalisation of electrons occurring from 

highly energetic Ro particles is necessary in order to allow or en- 

hance the capturing process while minimising solute ionisation. 

2.6 MODES OF OPERATION 

The ECD has basically three modes of operation : 

a) d.c. continuous mode
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b) pulsed mode ‘ 

c) constant current mode, 

In the first mode, a constant potential is applied and this 

produces a migration of charged species towards electrodes of 

opposite polacttys (dye As a result, a composite current of electrons 

and ions results, rather than a pure electron current. Detector con- 

figuration and the species to be measured determine the choice of the 

d.c. potential as well as carrier gas composition and detector contam- 

ination(29) , This requires an initial determination of the detector 

output current versus voltage for a set of analytical conditions. 

There are some inherent errors in this mode of operation. 

Application of a direct potential prevents the electrons from reaching 

thermal equilibrium with the carrier gas molecules and therefore de— 

creases the probability for capture. ‘The problem is acute in the 

noble gases and to a lesser extent in nitrogen, since the energy 

gained by the electrons from the applied field is not easily lost 

during their elastic collisions with the gas moisealea Gc) Besides 

the electron energy, the probability of electron absorption depends 

also on the half-life of the electron in the cell. Changes in this 

quantity leads to a non-linear response to varying sample concent— 

mation 2) ° 

The space charge of positive ions in the vicinity of the 

cathode sets up a potential in opposition to that applied to the 

ECD and it may hinder the collection of free electrons. The pre- 

sence of a polyatomic vapour in the cell changes the electron 

mobility and as a result, the extent of the space charge cloud and 

the observed current. 

The temporary absorption of a trace of an eluted component 

upon one of the electrode surfaces can give rise to a contact pot— 

ential which may either enhance or oppose the applied potential.
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Lovelock‘ 12) has pointed out that where the contact potential opposes 

the applied potential, the chromatogram peak has an erroneously 

large area and frequently shows severe tailing; where the potential 

enhances that applied to the detector, there is a diminished response 

and the peak may show a drift below the base line at the tailing edge. 

There is also the additional effect of reducing the number of Beta 

particles emitted if the absorption has occurred on the electrode 

with the radiation source. 

In the d.c. mode, the ECD could respond to other parameters 

of the sample introduced in the carrier gas stream besides electron 

attachment‘ '2), ionisation cross-section, electron mobility and 

metastable atom ionisation processes ("argon" detection), The ex- 

tent to which these other detection processes predominate in the d.c. 

mode, depends upon the gas composition in the cell, the intensity of 

the radiation source, the geometry of the detector and the magnitude 

of the applied potential. 

When the ECD is responding as an argon or as a cross-section 

detector, in addition to its function by electron absorption, peaks 

below the base-line have appeared together with a reduction in peak 

height. 

It is difficult to avoid these and other possible sources of 

error inherent in the d.c. mode, There are however, elternative 

methods in which electron absorption takes precedence over the other 

detection methods outlined and anomalous effects of space charge 

limitation, contact potentials and changes in electron energy can 

be avoided, 

In the pulse mode of operation, square wave voltage pulses 

(Fig. 3) are applied across the electrodes for a very short time — 

1to5 j1s depending on the carrier gas and the geometry of the 

cell. The pulse amplitude (V) end width (W) is sufficient to
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collect all electrons and it is generally stated that the contri- 

bution of ions to the current is negligible. When the applied 

potential is zero, ie. during the pulse interval (s), the electrons 

in the cell are in thermal equilibrium and there is no drift of 

charged species in either direction; consequently, space charge 

effects are minimised. It is also generaliy(12) believed that with 

the pulse sampling technique, contact potential effects are rarely 

encountered as the pulse amplitude (about 50 Volts) is sufficiently 

large to counteract the contact potential and yet collect all 

electrons present in the cell. With argon + methane as carrier gas 

and the cell operated in the pulse mode, the detector cannot funct— - 

ion either as an argon detector or an electron mobility detector, as the 

electron energy is maintained at a constant thermal level. Hence, 

many anomalous responses are avoided and the highest sensitivity 

and stability is usually obtained by operating in this mode. 

The third mode of operation is where the detector current is 

held constant while the frequency of the applied pulses is veriea $22) 

Briefly, a reference current, I, is compared with the average 

current, I» and the applied pulsed frequency, maintains via feed- 

back the relationship G, - q,) = 0 

As 4 begins to decrease due to an electron capturing species enter- 

ing the detector a AI is produced. The magnitude of AI is amplified 

and the amplifier output voltage proportionally changes the applied 

pulse frequency so as to maintain the abdve relationship. 

Thus, the magnitude of change in pulse frequency becomes a 

measure of the concentration of the electron capturing vapour. ‘The 

linear dynamic range has been meported’s |) to be 5x 104 for a 

10 mCi & Ni detector operated in this mode. 

Some of the notions generally accepted regarding the ECD's 

operation are illfounded; these will be discussed in the experimental
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section. It is to be noted here that they relate to the possible 

effects of the space charge and the interpretation of the observed 

current in various modes of operation.
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CHAPTER ‘THREE — THEORY 

21 ELECTRON AT! ACHMENT 

When an "electron capturing" solute enters the detector, 

a large number of low-energy free electrons are available, providing 

an ideal environment for electron attachment. ‘he solute molecule 

may attach an electron to form either a negative molecular ion, 

e + AB——> AB + energy 

or a neutral radical and a negative ion 

e + AB—— >a’ + B = energy 

The collisions in which electrons attach to atoms to form 

stable negative ions involve a release of energy, since a stable 

negative ion has an energy somewhat below that of its parent atom 

and free electron, The binding energy of the extra electron is knom 

as the electron affinity, EA. In the case of a molecular negative 

ion its ‘adiabatic electron affinity' is defined as the difference 

between the electronic energies of the molecule and the negative ion 

state and thus different from the vertical attachment energy (22) ° 

Only for a few organic compounds has the electron affinity 

been measured, Thermodynamic techniques are more suited to investig- 

ations of molecular electron affinities than other techniques such as 

photodetachment and electron impact thresholds. In the magnetron 

aevice(23) @ very pure metal filament is surrounded by two grids and 

a cylindrical anode. A magnetic field is applied parallel to the 

filament. ‘he first grid is held several hundred volts positive to 

the filament to minimise space charge current limitation. The 

second grid suppresses secondary emission from the anode. The total 

electron-plus-negative ion current is measured in the absence of the
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magnetic field and the negative ion current is measured on its om 

when the field is applied. From a measurement of the temperature 

dependence of the relative abundances of electrons and negative 

ions, the electron affinity is calculated using Boltzmann statistics. 

Electron affinities, measured with the aid of the ECD, have 

been reported for several aromatic bompounda ro? 24, 25) -« They are 

presented in Table Ones; their derivation is based on the kinetic 

theory developed by Wentworth and his oerorcare a) « ‘The theory is 

discussed in section (3.3). The electron affinities need to be used 

with caution as most of them Revel heen confirmed by other techniques; 

in cases where they have been measured by other methods, a serious 

discrepancy exists. For example, Page and Gooae (26) Measured EA 

for azulene by the magnetron technique and found it to be 2.66 eV. 

It has been shown(27) that the problem of negative ion stab— 

ility can only be approached by using the nuclear kinetic operator. 

For stability of a negative ion, the wave function must contain at 

least as many molecular spin orbitals of given spin symmetry as does 

that of the neutral molecule, 

TABLE ONE 

ELECTRON AFFINITIES FOR SELECTED AROMATIC COMPOUNDS 

COMPOUND ELECTRON AFFINITY (ev) 

Naphthalene 0.152 

Triphenylene 0.284 

Phenanthrene 0.308 

Anthracene 0.552 

Pyrene 0.579 
Azulene 0.587 

Nitrobenzene 0.850 

Chlorobenzene 0.860 

0-Chlorotoluene 1.100 

m—Dinitrobenzene 1.430
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There is also an additional factor affecting the existence 

of stable molecular negative ions. The lowest stable state of a 

given system of nuclei and electrons mst always posses a certain 

geometrical configuration, Should the addition of a single electron 

to a system imply a change in the geometrical configuration, then it 

is difficult, if not impossible, to form the negative ion by collis— 

ions of the molecule with electrons'*2), When the formation of a 

negative ion requires deformation, a significant tactivation energy' 

of attachment may arise, even though the adiabatic electron affinity 

is positive (ie. stable negative ion). 

The molecular attachment process, yielding the negative ion 

of the parent molecule, can only proceed via an excited state, since 

it is a resonance process and the molecule has a real electron 

affinity. The excited state, which may be purely vibrational, may 

either be deactivated collisionally (three-body attachment) or pass 

radiatively to the ground state. A third possibility is that the 

negative ion exists for periods of the order of a few microseconds, 

detaching spontaneously after this time. 

The rate of formation of stable AB by electron capture 

followed by collision stabilization is proportional to the pressure 

at low pressures but, owing to saturation, becomes independent of 

it at higher pressures, Mossey (29) showed that the total probability, 

p', of the ion being stabilised by collision before it breaks up is 

P - [v= {+ (4+ + 3) at/r 

- Of oert 

p = P/ (P+?) 

where P is the gas pressure and P’ a critical pressure for which 
’ 

© =7T . The average time taken for a vibrationally excited ion
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(aB-)” to lose its excess energy through collision with a gas 

molecule is 7; the time before spontaneous dissociation occurs is 

©. The above equation suggests that if P is large enough then p 

becomes independent of it. 

Dissociative attachment proceeds by resonance capture of an 

electron by the molecule AB, into an antibonding quasi-stationary 

state AB. There is then competition between dissociation and the 

autodetachment process AB———} AB +e. Fig. (4) illustrates the 

potential energy curves for both the dissociative and non-dissociat— 

ive capture processes. In all three cases (a), (b) and (c) curve I 

is the potential energy curve of the initial state of the neutral 

molecule AB while the second curve in each case represents that for 

the state of the negative molecular ion into which the electron is 

captured. Briefly, the three possibilities are: 

Case (a) 

Electrons with energies between BE, and B, are captured and 

molecular dissociation results, giving atoms A and ions B with 

kinetic energies lying between E3 and Ey. 

Case (b) 

Electrons with energies between EB, and 53 are captured and 

lead to molecular dissociation while electrons with energies between 

EB, and EB; give rise to a vibrationally excited molecular ion (aB-)*. 

Case (c) 

Blectrons with energies of about Es are captured giving rise 

to an excited molecular ion which at higher pressures is stabilised. 

Negative ions formed by the capture of very slow electrons 

(with thermal energy) will normally be molecular ions AB formed as 

described above. The reverse process, ie. detachment proceeds through 

collisions with gas molecules 

ARG oh x= AB +X ened
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and the energy required to detach the electron is obtained by 

transfer from kinetic energy of relative poten eee At ordinary 

temperatures, T, the fraction of gas molecules possessing sufficient 

translational energy will be small, unless the electron affinity of 

X is comparable with 3/2k or the electric field accelerating the 

ions is large enough for them to acquire that energy. 

The electron affinity for a parent molecule which forms a 

stable negative ion will determine the overall parent ion stability 

but not necessarily its "electron attachment capacity". The probab— 

ility of electron attachment can be interpreted in terms of the 

capture cross-section. For dissociative capturing molecules, the 

process may occur with a high capture cross-section and with almost 

zero energy electrons if the molecules contain electrophores whose 

electron affinity exceeds the bond dissociation energy 2"), This 

suggests that an absolute measurement of the electron attachment 

capacity of a sample molecule is its capture cross-section and not 

its electron affinity. Hence, the probability of electron attachment 

is related to electron affinity, energy of activation, cross-section 

for collision and consideration of bond stability versus dissociation 

into stable ions. The electron capture coefficient, K, is the net 

result of all these processes, 

Burdett (22) concluded that the response of the ECD does not 

vary directly with the electron affinity of the molecules which are 

introduced in the gas stream but rather with their electron capture 

eross-section, As indicated above, this depends on the nature of the 

molecules besides the energy of the attaching electrons. Hence, it 

is necessary to investigate the relationship of molecular structure 

to sensitivity in electron capture detection. 

It is generally recognised by investigators who employ electron 

attachment techniques that only relatively few organic compounds
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readily accommodate thermal electrons, The probability of electron 

attachment for different solute species, as shown in Table 2, cover 

@ wide range of at least a million fora. (19933) The relative 

attachment coefficient, K', for thermal electrons by compounds is 

generally made with respect to chlorobenzene, which is assigned a 

value of one. 

For halogen-containing compounds, the magnitude of K' is 

inversely related to electronegativity and bonding energy. A decrease 

in K' is observed for the series I> Br> C1> F. 

Studies have been made on the relative contribution of 

chloro, nitro and amino substituents and their influence through ar- 

omatic ring substitution on overall songitivity\o): Observations can 

be rationalised on the basis of increased or diminished electron 

density in the aromatic ring via resonance and the electron-withdraw- 

ing and releasing character of the function groups. 

Examples of good electron capturing compounds are alkyl di- 

and trisulphides and organometallics. In alkyl-lead compounds, some 

correlation exists between increasing alkyl chain length (possibly 

electron-releasing effect of ethyl) end overall sensitivity. 

Predicting coefficients for attachment becomes more compli- 

cated as the complexity of the molecule increases. In general, 

knowledge of the structure of negative ions formed is seriously lack- 

ing, making it difficult to predict the effect of functional groups 

when present in large molecules. 

3 RECOMBINATION PROCESSES 

In the d.c. mode, at low applied potentials, the major pro- 

cess causing the loss of ions and electrons is recombination. It 

also occurs in the pulsed mode at long pulse interval. Hence, an 

understanding of the recombination phenomenon is necessary if a 

kinetic study of the processes taking place in the ECD is to be
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RELATIVE ATTACHMENT COEFFICIENTS FOR VARIOUS COMPOUNDS 

CHEMICAL CLASSES 

Alkanes, alkenes, 

alkynes, aliphatic ethers, 

esters. 

Aliphatic alcohols, ketones, 

aldehydes, amines, nitriles. 

Barbiturates, thalidomide, 

alkyl-leads 

Pesticides, dibromo and © 

trichloro compounds 

Polychloro, quinones, 

dinitro compounds 

0.01   

SELECTED EXAMPLES 

r-— Hexane 

[-— Benzene 

t— Cholesterol 

[— Naphthalene 

0.10 
  

— Vinyl chloride 

1— Chlorobenzene   
1.0 

300 

1000 

10,000
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undertaken, 

When an electron and a positive ion recombine, energy mst 

be released in some form. The different mechanisms for carrying off 

this surplus energy give rise to the possible processes of recombin- 

ation. They may be summarised as follows: 

a) Radiative recombination 

ho eke orev 

b) Dielectronic recombination 

AY pe > a" 

AN—>at + hv 

or A" + B——5A' + B+ kinctic energy. 

Here, the surplus energy is given to a second electron in the positive 

ion so that a doubly excited atom or molecule is formed. It may then 

be stabilised by emission of radiation or by collision. 

e) Dissociative recombination 

ABY + eS At + Bt 

a) Three-body recombination 

at 4 e7 + B— At + B + kinetic energy. 

At high neutral gas pressures, the latter process is certainly 

the most important for removing surplus energy. The process is amenable 

to classical treatment; in the original analysis by Thonson(25), 

recombination took place if a collision with a third body is suffered 

by either ion or electron when its distance, d, from the third body 

2 
is d.< a 

where e is the electronic charge; k, the Boltzmann constant, and T 

is the temperature, 

This assumption leads to the following expression for the 

recombination coefficient, XT, in terms of the electron momentum
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transfer cross-section 6g. : 

Oy = 64 gn 2)t/2 e? Me Ga No 
81 vio (ier) 2/2 

where the subscript zero refers to the neutral species and No is 

Loschmidt 's number. 

Besides ‘volume' electron-ion recombination, there is the 

possibility of losing charged particles through recombination at 

the walls of the cell, The electrons, which travel the fastest, 

tend to diffuse outwards and stick to the cell walls, where they 

remain until neutralised by an incident positive ion. In the steady 

state, the mimber of electrons crossing unit area in unit time at 

any point is equal to the mumber of ions and the ‘ambipolar speed’, 

Va , is given by 

Va = - Dai a 
KH dx 

where N is the charge density and Da is the ambipolar diffusion co— 

efficient. It is normally expressed in terms of the diffusion and 

mobility coefficients (D and k respectively) of the charged particles: 

Dace, Deka epee 
(kt + k-) 

Operation of the ECD in the pulse mode minimises wall recom 

bination as a result of ambipolar diffusion, since the applied field 

lasts a very short time only. toe (36) has pointed out that ina 

time of 107? second, the amount of diffusion is negligible. 

Collisions between a positive ion AY and a negative ion B, 

which can lead to neutralisation of charge may be summarised as 

follows: 

a) two body process, 

at + B—>A + B in which the excess energy is 

distributed as kinetic energy among the collision products. 

b) three body process,
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- 
ao + Bo+ C— 5A + B+ C where excess 

internal energy is removed by another atom or molecule, 

Thomson's (2 5) three body recombination theory has proved 

very successful for gas pressures less than 10° torr. ‘The recomb- 

ination coefficient, X7, in terms of the masses of the two ions, 

M1 and M2 is expressed by 

Or = 8 (3n2)/2 et Mi_+ M2 1/2 
9 (en2/2 M1-M2 

for pressures in air between 700 and 1000 torr. 

Langevin (83) based his calculation of the recombination co- 

efficient, Kes at pressures greater than two atmospheres on the 

mobilities of the ions : 

Xe = 40 e? (e+ ke) 
+ 

In the presence of sample molecules, the recombination of 

negative ions (formed by electron attachment) with positive ions 

resulting from ionisation of carrier gas molecules, will dominate 

that involving electrons as the negative species. At long pulse 

periods, it may be possible to calculate recombination coefficients 

for certain species (eg. H,0") from the response of the ECD as 

recombination is certainly the principal process occurring under 

these conditions. 

3-3. PRESENT KINETIC MODELS 

The earliest attempt to describe quantitatively the ECD's 

response is the Beer's Law interpretation due to Tavetock(o"), 

This model is based on electron attachment phenomena, as discussed 

in the text by Healey and peed (38) , The detector response, S, is 

related to the concentration of electron capturing species accord— 

ing to the following equation 3 

$/Io = 1 - exp (-KxC) [4] 

where Io is the detector current in the absence of electron acceptors



28 

and S is the loss in current due to the presence of the capturing 

species whose concentration is C. x is a characteristic dimension 

of the detector. The constantK is related to the electric field 

strength and the electron capture cross-section of the sample. As 

a first approximation, the above equation serves well to predict 

the observed current but is not meant to represent all the process— 

es occurring in the cell. Moreover, it is only applicable when the 

ECD is operated in the d.c. mode, 

A kinetic model for the mechanism leading to stable negative 

ion formation has been developed by Wentworth, Chen and Toverock (=), 

Differential equations describing the processes occurring in the 

ECD when operated in the pulse-sampling mode are solved using the 

steady state approximation. 

Several assumptions are made in the models 

a) The rate of production of thermal electrons is constant and 

not affected by the presence of the added capturing species. 

b) The reaction zone is localised in the region about 1 to 2 mn, 

from the tritium foil. 

ce) The reaction zone includes a cloud of ions, electrons and 

radicals in addition to the argon-methane mixture and the 

electron capturing species. 

a) The 'cloud' is not neutral but has an excess of positive 

ions and radicals. 

e) The reaction zone-is homogeneous and can be treated as a 

static system with respect to the electron concentration. 

f) There is slow removal of material from the cell by flow of 

the carrier gas. 

g) Recombination is the principal process by which electrons 

are lost in the presence of the carrier gas alone. Diff- 

usion losses are minor. 

h) If the negative ions are stable, then detachment of the
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electrons can occur or they can recombine with positive ions. 

A host of subsequent reactions are possible when the negative 

ions dissociate. 

i) The amount of material which undergoes electron capture is 

small in comparison to the total amount of material present. 

The process taking place in the cloud and their respective 

rate constants are described as : 

—_— 
B + a+ or ws e +8 

- xn‘ 
® +e ———> neutrals 

‘ 
fone oj ee Sens 

ky 

ee iB?” eo RE 

ps Se ———~SaB +: R 

cj 1 ERs 
ABO + R°_——— > 45 4+R- + o> neutrals 

AR +8 

where 

e = concentration of positive ions 

KpR = rate for thermal electron production 

a = concentration of capturing species, AB 

b = electron cone . in the absence of a capturing species. 

In the absence of an electron capturing species, 

ate) = pp - xwt  [e](e] - xa? [Rr] [eo] [5] 

which when solved gives 

b= - [- exp co) | [6] 

where kp = kN’([@] + kRt [R*] 

In the presence of a capturing species, the electron concent—



ration is given by 

kpR 

[-] - - 
m (rg ee Ey 
  

+ 1) 

where kL a (e) + &Rt [x'1) 

At time infinity, 

x a Kp R 

%® 

so that, 

Pf ees 
[e"] kp (x, + 1) 
  

= ka 

where k is the capture coefficient. 
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[8] 

Since the capture coefficient contains the term (kL + k-1), 

it is convenient to consider the case where kL>k-1 andk-1 > kL 

in order to examine the type of temperature dependence. If the temp- 

erature variation for the forward reaction is small, corresponding to 

no energy of activation for the addition of an electron, and if the 

electron affinity of the molecule is appreciable then the backward 

rate constant k-1 must have a significant temperature variation. 

For k-1 > kb Eq.(8] becomes, 

b_- le] kL 

Bh ee 
and since 

kb kL - 3/2 
ks k eq = E> eq. Ep AT 

k In, kp?/2 = ln Go + In A + Boe 

exp (Ea/cr) 

[9] 

Pe]
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By plotting In. k 3/2 against 1/T, Wentworth et ar, (18) 

calculated the electron affinities of several aromatic hydrocarbons 

from the slope of the graphs. 

For k-1 } kL, &q.[8] becomes, 

ee Te [11] 

If there is no energy barrier to the addition of an electron, k 

S
e
 

vo
lo

 

? 

should be insensitive to temperature. 

The capture coefficient, k, is obtained by integration with 

respect to the volume of gas passing through the detector during the 

residence time of a peak, 

v re 

[ee ive ee [- av [12] 

= ° 

where Ib is the maximum standing current in the absence of the cap— 

turing species and Ie is the current in its presence. 

N= fe - W 
Cs 

where Wis the peak width; Fr, the gas flow rate and Cs is the chart 

speed, 

Therefore, 

W 

Fr Ib_- Te Fr 
Ga Te aw = Cs aA eskn 

° 

Ib_- Te and kk =e DE , Wife . i [13] 

where W 1/2 is the peak width at half height; s is sample size (1); 

Mis the molar concentration; A is the peak area and n is the number 

of moles. 

The Wentworth model allowed for the first time the study of
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electron attachment phenomena under conditions of atmospheric 

pressure, low fields and with low energy electrons in the presence 

of complex organic molecules. Most of the assumptions made in the 

model are justifiable though for some experimental evidence is 

lacking, eg. the dimensions of the reaction zone, the excess of 

positive ions and the removal of material by carrier gas flow. 

Some of the arguments in the model become obscure when 

unknown and probably unknowable reaction steps are considered. There 

is as yet little experimental evidence of any of the species ass— 

umed to be present in the cell. Also, the system of rate equations 

is solved using the steady state approximation, ie. on the basis that 

the reduction in detector current is due to an equilibrium between 

electrons, capturing molecules, ions and molecules. The rate constant 

for the processes by which electrons are lost, Kp, is calculated from 

the initial slope of the graph of the number of electrons per pulse 

versus the pulse interval (gives kpR) and the saturation current 

(bt—>-). Equation[6]is then used to predict the above described 

graph, having obtained the initial increase and also the plateau value 

from it. A satisfactory fit is to be expected, since a circular argu- 

ment is presented for an equation describing an exponential increase 

to a constant level. 

A few other models of the ECD based on the steady state app- 

169) 
roximation are to be found in literature. Lyons et a proposed 

reaction steps, similar to Wentworth's for ethylene as the carrier 

gas, based on the observation of positive ions and radicals by 

Meise1s (49) when ethylene undergoes primary irradiation. Equilibrium 

electron concentrations are calculated from kinetic schemes for three 

situations : before any pulses are applied, during the application 

of a voltage pulse and after a large number of pulses. Diffusion 

of charges to the cell walls is considered together with loss of
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positive ions by flow. An error is made in the calculation of the 

rate of production of electrons; the Y-axis intercept of the straight 

line obtained when log [ Ne ~ (Ne),] is plotted against log tw, 

is regarded as the number of electrons produced at zero pulse width 

(tw) - 

Buraett (22) attempted to measure electron affinities using 

Wentworth's model; however, the values calculated were not in agree— 

ment with those obtained by other methods. A possible mechanism for 

electron capture proportional to the cross-sectional area of the 

molecules has been suggested as an alternative. The approach assumes 

a steady state situation for the electrons in the cell. 

scolnick (9) obtained empirical equations relating the obser— 

ved current to the applied voltage and to functions of gas pressure 

and temperature. A concentric cylinder ECD with an isolated anode 

was used for the purpose and as such the equations are likely to be 

applicable only to detectors having that configuration. 

Recently, Sullivan and Burgett 41) presented a theoretical 

model for the detector when used in the d.c. mode. The processes 

removing electrons, ie. ambipolar diffusion, mass transport out of 

cell, recombination and capture by bleed and impurities are collect- 

ively expressed by one rate constant which is assumed to be first 

order. This simplification leads to an erroneous conclusion: line- 

arity of response is predicted to be better if the separation colum 

has high bleed, 

Lovelock (42) has also recently described the performance 

characteristics of the ECD. The stirred reactor model describes the 

processes causing the removal of electrons and molecules from the 

cell as follows :
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ele ap es [14] 

= ae ka Inert products [15] 

AB + puke [16] 

a3 UN _, yontitation 7] 

Reaction 14 is an irreversible second-order reaction with rate 

constant Ry. Reactions 16 and 17 concern the removal of sample 

molecules by processes other than in reaction in the gas phase with 

electrons. The detector volume is V and the gas flow rate U, the 

rate of injection of electrons A and of sample molecules B, The 

steady state electron concentration in the absence of sample molecules 

is 

a - exp (- ) 5 A 4 : kat) } fis] 

which is the same as that derived by Wentworth et al.(Fq. 6). The 

theory is based on similar assumptions; excess of positive ions 

in the cell, uniform mixing and the removal of all electrons by a 

sampling pulse. However, the sample molecule is assumed to have a 

high capture rate constant unlike in the Wentworth model. After 

simplification, the sample concentration, C is expressed by 

C = B/ (ke) + kx + U/v) {19] 

Conditions under which sample molecules are removed by pro~ 

cesses other than by reaction with charged species have not been 

fully explained. The removal of sample molecules (with high 

capture rate constant) by ventilation during the flow of the carrier 

gas is considered to be the most important process yet the sample 

molecules remain for a sufficiently long time in the cell under 

conditions whereby the electron capture process is enhanced, It 

is uncertain which of these processes is dominant. 

The presence of the positive ions and the effects of the
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space charge need further consideration. The density of the ions 

continuesto increase as electrons are collected but a limit mst 

exist maximising their concentration. The assumption that the gas 

molecules and the electrons are uniformly mixed would imply that the 

space charge is no longer confined to the neighbourhood of the 

Cathode. Also, the possible loss of electrons as they traverse the 

cell is not estimated. 

An approach based on treating the ECD as a chamber containing 

two plane parallel electrodes and an internal ionisation source, with 

diffusion and recombination responsible for loss of charged particles, 

has been attempted. Ramey 43) has treated the case where volume re- 

combination in a gas can be neglected, but in the ECD it has to be 

taken into consideration. 

The current density at any point in space in the reaction 

volume is equal to the net production or loss of ion-pairs at that 

point. 

ae =  eNo - exp 

where: 

J - current density 

Ng — rate of production of ion-pairs 

electron concentration B i 

positive ion concentration 

k - recombination coefficient 

es 
J ah eNo dx a eKnp dx 

° 

= eNox — eknpx where No E f (x) 

Phe current due to electrons only can also be expressed as: 

J=s -enVd -eD dn/dx 

Va is the electron drift velocity and D is the electron diffusion 

coefficient.
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eNoX - e knpx = ~en Va - ed dn/dx 

dn Va kPx -No 
oe Ties, ee Roe op 

This is of the form, 
xe
 

+ vp) -y = @ () 

Let A= Va/D, B= -p/D and C = -No/D 

The integrating factor, I is 

I = exp [@ Bx) dx = exp (Ax- 0.5Bs°) 

ra [ exp (Ax- 0.5 ge) =| = Cx exp (Ax-0.5 Bx’) 

3 2 
exp (ax - 0.5 BX) nm = C *X exp (Ax- 0.5 dx°) dx 

The solution of the integral on the R.H.S is 

-& exp (ax - 0.5 Bx) + § fox (Ax -0.5 Bx) ax 

The resulting integral has to be solved numerically and using both 

the Trapezium and Simpson's Rules, the values obtained were 4.12 and 

4.20 for the low and high applied voltage cases respectively. The 

electron diffusion coefficient for nitrogen is calculated from the 

mean free path and the average velocity (De =G )e/3). 

The electron concentration is then given by, 

ik [ ae Soke ey -1| 
The measured current, I, is 

nares (exo 7 -es -Va-n-est. Vat. >) 

where V is cell volume and s is the electrode surface area. 

The first term on the R.H.S. represents the saturation current. The 

second and third terms should reduce the current with decreasing 

applied voltage. With nitrogen as the carrier gas, the saturation
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current term is 4.9 nA. Considering the average electron and positive 

6 
ion concentrations (= 10 on™? ana 10!0 respectively), the contri- 

bution of both the second and third terms (5.8 x 107A and 4.6 x 1077s) 

is greater than the saturation current. Analysis of the ECD response 

on the basis of this approach is obviously not possible. The theory 

would probably be applicable in cases where the electron and positive 

ion concentrations are similar (ie. negligible space charge effects) 

and losses by recombination are very small. 

In the section following, a theory for the ECD is proposed to 

overcome some of the deficiencies outlined in the discussion of various 

kinetic models. The theory is partly based on experimental observ— 

ations made and these are fully described in chapters four and five. 

3.4. PROPOSED MODSL FOR THS ECD 

The basic approach to the problem is kinetic, ie. the detector 

is described by a system of rate proceacen\ ce A 'plasma' is created 

by energetic B” particles emitted by the radio-active source. It 

contains Ve electrons Vp positive ions and Vn negative ions ina 

volume V. A given species, x, is removed from this 'plasma' by dif- 

fusion and volume flow rate F and has a mobility of jix under the 

appropriate conditions during a pulse. The cell has a cross-sectional 

area A and length 1 and the rate at which B” particles leave the 

foil is *,A, each particle yielding G ion-pairs. The formation of 

one secondary electron and a positive ion by ionisation of a carrier gas 

molecule is referred to as an ion-pair. 

A given species x may undergo a charge transfer process to 

yield a new species x j, 

x + neutral 1——>xj + neutral 2 

or it may undergo attachment to yield xk, 

x + neutral———> xk.



38 

Recombination processes involving positive ions and electrons or 

negative ions can be regarded as being of the first type together 

with reactions such as, 

+ 
x pen ey + AE and 

+ + 
x" + x —F x +X 

It is a truly formidable task to list all Xi while the rates 

of none of these processes are known, Even if they were, the only 

actual measurement is that of total charge so that no detailed analy- 

sis would be possible. The discussion, therefore, is confined to 

the total species x while noting the fact that the rate constants 

used are weighted average rate constants, eg. for the recombination 

of electrons and positive ions, 
te ps 

Total rate = ) Reni = ep ae | 

PR = kep 

where 

and k = _Diki Pi 
> PL 

As ki is not strongly dependent on the species Pj, little 

  

inaccuracy is introduced. Recombination coefficients for common 

(22) 
6 on? $7! - molecular ions (except He3) are in the range 107! to 107 

The rates of removal of various species can be expressed as 

follows: 

(Rate of formation) - (Rate of attachment) - (Rate of re~ 

combination) - (Rate of mass transport) - (Rate of migration) 

Between pulses, the rates are : 

ve = kyAG -kgVep — k3Vem — Fe-e [20] 

Vép = k4AG —kjVep -k4Vnp ~ Fp-P (e1] 
at 

Von = k3em -k4Vnp - Fnen [22] 
at
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e = electron concentration 

p = positive ion concentration 

n = negative ion concentration 

m = concentration of sample molecules 

Fe, Fp and Fn correspond to diffusion and volume flow rate for 

electrons, positive and negative ions respectively. The concentrate 

-3 
ions have units of parkiches cry 

During application of a pulsed voltage, a term (- \) x.A.x) 

has to be added to each equation; \) x is the drift velocity of the 

species%. The charged particles are said to be contained within a 

‘plasma’ SCONE a volume V, which may be different from that of 

(45) the detector. A plasma is define as a system of charged part— 

icles with a nett charge equal to zero and in which the space scale 

for charge separation is much smaller than the dimensions of the 

plasma. The space scale for charge separation, called the Debye 

length, A. refers to the radius of the sphere of oppositely charged 

particles around a charge necessary to screen the electrostatic force 

of the central charge. 

The Debye length is expressed bys 

A = (qe) [23] 
where R is the Boltzmann constant; T is the electron temperature 

(298K); e is the electron charge andNe is the average electron 

density. 

In the ECD, a typical average electron density is about 

Sx 40° on? and the value of A is then 0.05 cm, The charge 

density in the cell is sufficiently large and consequently the Debye 

length is much smaller than the dimensions of the plasma volume (the 

reaction zone is said to be confined within a distance of 0.25 cm. 

from the cathode).
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The removal of electrons from the plasma by the applied 

field, creates a space charge of positive ions as explained in 

section 2.4. This space charge clearly cannot continue to build 

up and some mechanism must exist to limit its growth. 

It is helpful to consider the situation under the pulse mode 

of operation. A B ~ particle forms p' and e' positive ions and 

electrons respectively. If it is assumed that a constant fraction, 

xr, of positive ions is removed during each cycle, then the number of 

ions remaining in the cell at the end of the first pulse is p,, = pt (1-r). 

During the following pulse interval, p' positive ions again form and 

after losing the fraction r, the number remaining after the applicat=- 

ion of the second pulse is p\, = (1 =x) (Py p'). This process 

continues as more pulses are applied : 

Py = (1-72) ot 

Pyo= (1-2) (p,, + vt) 

Dee (Q-r) @ + (nt) * p') 

Subsitution gives, 

Pyros (1-2) [GQ -2)- pt + pr] 

= pt (1-2)? apt (1-2) 
and at the end of n pulses, 

Py = 2 5. (1 - 2)* 
n 

n= oe
 

After a large mumber of pulses, the density of the positive 

ions converges to a limiting value, 

pelim _pt [1 ( 4 
1-Ue-2 n—>00 

=pt / ret /xr (ion-pair formation) [24] 

As pointed out by A. F. Gaines, the term R = or expresses 

the ratio of positive ion to electron density at the beginning of
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the applied pulse. The magnitude of the ‘Gaines factor’ approaches 

close to infinity after collection of electrons during the pulse. 

As the electron concentration in the cell builds up again during the 

following pulse interval, the 'Gaines factor’ approaches its limiting 

value, R. The pulse interval would have to be sufficiently long for 

this to occur and factors governing the electron concentration would 

determine its magnitude. The continuous variation in the 'Gaines 

factor' during the pulse interval leads to an integration over the 

pulse period to obtain its average value. 

The first point in the development of the model is to eval~ 

uate R from the rate equations already stated. 

Once the space charge of positive ions has formed, no accum~ 

ulation of charge occurs over a complete cycle, so that 

rlegde a 
where s denotes the field free interval and w is the pulse width. 

Assuming that, 

ge, sn 
att & at 

and substituting equations [20] [21] and [22] in the above equation 

gives, 

(Fe.e + Fyn - ¥p-p) = 0 [26] 

During application of the pulse, the addition of the drift velocity 

term results in, 

e (Fe + VeeA) + n (Pn + Vn.a) - p (Fp +Vp.a) = 0 [27] 

Substitution of equations [26] and (27] in [25] gives, 

8 w 

[ce + Fyn - Fp’P)at [fe (ve + Vea) + n(Fn +Vaa) -p(Fp *Vorae =O 

° ° [28]



42 

Solution of equation {es} involves solving integrals for e,p and n 

over the field free interval and the pulse width. 

The positive ion concentration can also be expressed as the 

sum of the ions remaining in the cell after a pulse has been applied 

and those generated as ion-pairs during the preceeding 

pulse interval, ie. p = (py +e). If p and e are thus 

linked and negative ions are neglected, equation [20] becomes, 

V de = K, AG~KzVe (p, + ©) - Fere 
at 

= Ky, AG -e (Kz VPo + Fe) — Ky Yer 

det ae wily) she! ere Cae 
at 

where, a=K, AG, b=- (KxVB + Fe) and C = -KyVe 

Integrating the above equation with the boundary conditions e = o 

at t =0 (beginning of the field free interval) gives : 

t e@ de 
4 
ey eid (a + be + Ce) 

<
l
c
 

e 

-A ae ry [=] 
° 

where )\ = (v? - 4ac) Ue 

2ce + b+ Dae 

2ce + b-A (b+A 
2Ce + b +A b= = exp (At/V ) 

[eyes | (» +) 
i + ei : (» -2) = exp (At/V ) 

1 2c beA ew [is Sein 2A]- - 

  

b-A 

Tet X = 2e and Y = d+aA 
bH-A > =A 
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Lego party) = exp (At/V) -1 

X =e At ~1 
1 — exp (At/V 

2ce [exp (At/v) - 1) (+A) 
BoA ee (b +A) — (b -A)-exp (AtWV) 

ace = [exp (at/v) -1] (bp? - A? 
(b +A) —d(b-A) -exp (At, 

e= 1 (2 ~a2)_ [em atv) - 1] 
2c Alexp (At/V) + 1] - b [exp (At, -1 

e = 2a [exp (Atv) - 1) 30] 
dr [exe At/7) + I] - b [exp (At /7) -1] [ 

The above equation describes the build up of electron con- 

centration during the field free interval. However, its use is 

limited; further integration over the pulse width leads to an 

overwhelmingly complicated solution. Consider the case where p is 

constant. 

Vde = Ky AG - Ky-Vep - Fee 
at 

= Ky, AG -e (Kz'Vp + Fe.€) 

Let a = Ky AG and b = (Kz-Vp + Fe.€) 

Integration over the field free interval leads to, 

dt 
e 

de Ed 
(a = be) v 

é = = 4 [m. (@ - 2) - 108 « | 

i-be = exp (-bt/v) 
a 

ol
e [: - exp curr | [51]
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Equation [31] can be used to determine the decrease in electron 

concentration during the pulse width (w). The boundary conditions 

now are e =e at t=o ande =e at t=w. Considering the drift 

velocity term and in the absence of sample molecules, Equation [20] 

becomes : 

y 2 = K, AG — Ky Vep —- Fe.e -Ve .Ae 

= K, AG-e (Kz Vp +Fe.e +Ve.A) 

let a-=K, AG and bt = (K, Vp + Fe.e +Ve.a) 

% 

at 

<I
> 

e 
de = 

(2-0 e) 

ee. 

The integral is of the same form as the previous one and 

its solution is, 

(ecaueny 
ae a= bre, 

(a-bte) = (a- bt e) exp (-b't/v) 

£55 oe ? - exp (-b't/v) | + e7 exp ('t/v) ~— [2] 

It is now necessary to evaluate the total charge in the 

cell during the field free interval. This is done for the case 

where p is constant, since where p = py + e, the integrals are 

again very unwieldy. Using equation Bi] ? 

t + 
ae = | tf-e con) | at 

o 

[: + ¥& exp (2+/v) - z| o
l
e
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=# [: - = (G-ex» coun] [33] 

Similarly, the total charge lost during the application of the 

pulse is obtained by integrating equation [32]. 

t t t 
a at = ia, c - exp corr] at aa e; exp (-b't/V)at 

3 3 ° 

= a [: -%, (1 = exp ornn)| + ext : — exp corn] 

(54) 
Graphical representation of the equations derived is shown in 

Figure (5}. Having obtained integrals for the electron concentration 

equation [es] can now be considered. Without the negative ion terms 

it is s 

Js (Fe.e - Fp.p) at +f [e(ee +Vea) - p (Fp +Vea) | dt =0 

Making the substitution p = (p, +e) gives, 

Ww w 

i (Fe - Fp) e dt + cc (Fe +Vea) e dt =Fpp,s + } (Pp +VpA)pat 

°o ° 

Inserting the various integrals involved, the left-hand-side (L.H.S) 

of the above equation becomes, 

alee G -), (Fe + Vea) = 

  

+t - Py) 

and the R.H.S. is, 

Fp pos + (Fp + VpA) rah [* = tn a a emn| + (Pot ejv (-e"") 
pt
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The integral expressing the positive ion concentration is of the 

same form as that for the electron density and the constant b" = 

(Kz Ve + Fp +VpA). 

The term (Fe +Ve.A) can be replaced by (b" — KxVp) and 

similarly for (Fp +VpA) = (b" - Ky Ve). As the mmber of electrons 

removed, through collection at the anode, is small in comparision 

to the positive ion density, p = p, +e po. Further simplific— 

ation of equation Bs] is achieved by making approximations under 

real conditions. An order of magnitude analysis of various terms 

is given below : 

bt = (KiVpo + Fe +Vea) ~ (107 + 3+ 10°) =10? om? s~! 

b" = (K,Ve + Fp +Vpa) ~ (1077 +o + 107) =10? om s~! 

s
i
d
 

[1 - 2 (ef) = 104 5-1 

Els - exp (-b' x) | = 10° ot 

ag 1 - exp (-b' w/v) | 21 sem”? 

Fp Pos ~ 10° 

x, [: ~ exp (-b" wn |=r0"4 se 

(Po + et) V eo 10” aoa 
pb" = 

The L.H.S. of equation [35] simplifies to, 

(b' - K2 Vpo) e& 
> 

while the R.H.S. becomes, 

Fp pos + (b" - K2 Ve) [w (po + .) |
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Substituting a= be, and p, = (R-1)ey> Rey gives, 

as 
{el = Hero) oe = Fps (R-1)ey + (b" - Ka Ve) (Rew) 

= R [Fes + w (b" = Kxve)] - Fps 

Hence, 

1 - K2Vpo + Pps 
bt 

eS   

(b" —K, Ve) w + Fps 

Since, b' > K2Vp,, the ‘Gaines factor’ is expressed by, 

R= 1+ Fps 
(Fp +VpA)w + Fps 

R= _1 + Fps 36 
Vop-aw + Fp Ww +s) [ J 

It is to be noted that the above expression is merely an 

approximation for R; its value is dependent on gas parameters and 

also on pulse characteristics, ie. a function of time. The average 

value of R is obtained by integrating over the pulse interval and 

dividing by the period. 

t % 
4 3 1+ t dt 

i! ee 8 | @p +VpeA)w + Fot 
3 ° 

let (Fp +VpA)w =Q 

t 

if xe - 

° 

  

B
I
=
 

t + 
| at - : Pot at 

(Q + Fpt) Q + Fpt 
° °
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t t 

/ eae = % > (Q + Fpt) i 

° o 

seep ey 
Fp 

t 

fot ae pe Pe oe Qt dt = +- 3% [> va+mo| 

In real terms, the magnitude of the latter integral is 

very much smaller than that of the former and hence, 

a 1 Fps 
t ca ¥ps in| 1+ Gp+vpA)w [37] 

° 

Having obtained the 'Geines factor’, it can now be used to 

determine the positive ion density in the cell. As a first approx— 

imation, the rate of production of ion-pairs can be equated to the 

product of the electron concentration and the rates of loss by re— 

combination and volume flow. 

a = be = e (Kk, Vpo + Fe) 

If Fe is small, 

Po = eR = Ra 

(Kz Vpe) 

The positive ion concentration is therefore given by 

1/2 
Ra 

Bo a (rea) [38] 

It is axiomatic in the present work that mixing within the 

plasma is sufficiently rapid for the concentration to be uniform, 

A single criterion may be used to test the degree of mixing ~ if 

the electron drift velocity is mich less than the gas kinetic vel- 

ocity, mixing can be held to be complete but if the converse is



then there is very little. 

The drift velocity for electrons is about 7 x 10° ons? 

4 
at 100 Volts em in argon + methane, while the gas kinetic 

Ue 4.2.x 10" cms’, the criterion velocity at STP is (RT/M) 

is indecisive and mixing cannot be held complete but is certainly 

significant, This point is further discussed in the experimental 

section where the effect of carrier gas flow is considered. 

Experimental verification of the model is now possible 

for the case where only the pure carrier gas response is observed 

under the pulse mode of operation. 

50
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CHAPTER FOUR - AN @XPERIMENTAL STUDY OF THE ECD 

4.1 DETECTOR DESIGN AND CONSTRUCTION 

For the purpose of the present study, a cell had to be constructed 

since the commercially available detectors do not offer the necess— 

ary flexibility needed to investigate the various characteristics 

of the instrument. The design was kept as simple as possible to 

avoid any complexities arising from the detector's geometry yet was 

comparable to that of commercial detectors. 

scolnick“°) showed that if the ECD were to function as a concent— 

ration detector, the volume of the chamber has to be about 0.5 cm, 

The ratio of the detector time constant to the chromatogram peak 

width at 60,6% of the maximum sample concentration, has to be small 

to minimise loss in peak resolution. Another point which requires 

consideration is the choice of the inter-electrode insulator. At 

high temperature Scolnick found that the conductivity of glass in- 

sulators used in many concentric ECDs, is not small in comparision 

to the conductivity of the ionised gas. 

Figure (6) illustrates the ECD constructed. It is of the normal 

parallel plane configuration except for the gas flow arrangement — 

the inlet and exit were perpendicular rather than parallel to the 

electrodes. This allowed-the electrode separation to be varied 

and the vortices in such a flow system would probably provide better 

mixing, The main cell body was of PTFE; the wall thickness being 

1.27 cm. The gas inlet and outlet were 0.635 cm. brass tubing 

threaded half way through the cell body. The electrodes consisted 

of a brass disc (1.27 cm. in diameter) end a stainless steel rod 

(0.3175 cm. in thickness). They were locked into the desired 

position by PIFTE nuts pressing onto an 'O' ring. The cell was
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made leak proof by having rubber '0' rings both on the electrodes 

and at either ends of the cylindrical body. The radioactive foil 

consisted of 3y occluded on a titanium surface with a copper back~ 

ing. ‘The foil was soldered on to the brass dise to form the cathode 

of the cell. This was done using a low melting solder (85°C) 50 as 

to avoid any loss of radioactivity. 

The ECD was housed in an aluminium box with its ow separate gas 

supply to prevent back diffusion of atmospheric een A loose 

fitting lid provided access to the detector while permitting the 

vented gas finally to escape into the atmosphere. The metal 

container also prevented possible interference from stray capacit- 

ance and other outside electrical disturbances, 

22 ELECTRICAL CIRCUIT 

Figure (7) shows the electrical circuit used for normal operation 

of the cell, The voltage source was a Hewlett Packard model 214A 

pulse generator providing a maximum pulse amplitude of 100 volts 

and had continuously variable pulse width and interval. The applied 

pulses were monitored on an oscilloscope. The current flowing 

through the cell was measured as a voltage drop ecross the high in- 

put resistance of a vibrating reed electrometer. The instrument 

used was an E.I.L model 33C Vibron with two additional resistances 

of 107 and 40° ohms fitted in the convertor unit. The full scale 

deflection of the meter was 1000 mV and the input resistance was 

variable from 10! to 101? ohms in powers of 10. At 40'? ohms, the 

time constant is stated to be about 30 seconds and is much less 

with lower resistances. Since the currents measured were in the 

nano— to pico A region, it was necessary to eliminate local leak- 

age current loops set up as a result of slight potential differences 

existing between various earth points. Care had to be taken to
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avoid inefficient shielding of cables and also of the ECD. 

4.3 GAS PURIFICATION 

To study various parameters of the detector, nitrogen was mainly 

used as the carrier gas. The ‘white spot' nitrogen supplied by 

the British Oxygen Company wes exclusively used. The flow rate 

was regulated by rubber diaphragm type of valves and was measured 

on flowmeters supplied by the Rotameter Manufacturing Company. 

These were calibrated by means of a bubble flow meter. 0.25 in. 

0.D. copper tubing and thick-walled nylon tubing were used for gas 

transport. Diffusion through the walls of the latter did not seem 

to occur as the current was not affected when the length of tubing 

was changed. All connections were made with 'Enot' fittings. The 

gas after monitoring passed through a molecular sieve, supplied by 

Kenmore Incorporated, for the removal of moisture. Before enter~ 

ing the cell, the gas also passed through an "Oxy Trap’ which was 

supplied by Allteck Associates. All joints were thoroughly tested 

for leaks with soap solution and the line was evacuated to about 

107° torr. Precautions for good performance, as laid dow by 

Lovelock 42), were taken as far as it was practically possible. 

These included the use of metal diaphragm pressure regulators, clean 

short tubing for all gas connections and the avoidance of flow reg— 

ulators at the head of the gas line. 

To check on the presence of oxygen in the carrier gas, a chemical 

test was carried out. A solution of Co (dipy) 5 (C104) °3H,0 in di- 

methyl sulphoxide (DMSO) was reduced by an aqueous solution of 

sodium borohydride. Nitrogen from the ECD was bubbled through the 

solution. ‘The product of the reduction remains deep blue in the 

absence of any oxygen and turns colourless to yellowish in the 

presence of the smallest snout The carrier gas was found to
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be oxygen free. The whole apparatus had to be removed because the 

solvents were back-diffusing through the gas line to the detector. 

Another simple check of the cleanliness of the carrier gas is to 

determine the electron half-life within the ae). This is 

done by finding the pulse period at which the detector standing 

current falls to half of that measured at the shortest pulse inter~ 

val. Under ideal conditions with really clean gas, it may be as 

much as 1 ms and has to be greater than 300j.5. With nitrogen as 

carrier gas, the electron half-life was about 750s. 

44 CHARACTERISATION OF THE DETECTOR 

Under the pulsed mode of operation, the detector current depends 

partly upon the pulse amplitude, width and interval. Preliminary 

experiments were carried out to determine the optimum operating 

conditions necessary for the detector regarding pulse characterist- 

ics. 

Figure (8) shows the current variation with applied voltage. The 

current rises steeply and reaches a steady level at about 20 volts. 

At low applied voltages, electrons and ions are lest through recom 

bination as the field strength is not sufficiently high to allow 

theix collection at the respective electrodes. At constant pulse 

amplitude and width and temperature and pressure, the number of el- 

ectrons per pulse, Ne, is expressed by, 

Ne =_Ixs 

1.6 x 107'9 
  

where I is the observed current and s is the pulse interval. The 

voltage corresponding to the onset of theplateau in Fig. (8) is in- 

dependent of the pulse interval but depends on the pulse width. 

It is desirable to have the pulse width (w) as short as 

possible so that the mmber of ion-pairs formed during the pulse is
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not appreciable and the electrons have the maximum possible time 

to reach thermal equilibrium. If the duration is too short however, 

there is not sufficient time to collect all electrons and hence the 

saturation current is not reached. From Fig. (9) £t can be seen 

that a pulse width of about 3.5us is sufficient to remove all elect- 

rons. Normally pulses of 54s duration were employed. The critical 

pulse width at which the curve effectively flattens off is said to 

correspond to the electron transit time between the two electrodes. 

Electron drift velocities have been calculated from this aata(19+39) | 

Besides the amplitude of the voltage and the length of time 

for which it is applied, the interval between pulses also affects 

the current flowing through the cell. The current is proportional 

to the number of pulses per second, that is, inversely proportional 

to the period (Fig. 10). This relation does not work at small 

pulse interval as an ‘equilibriun' has not been established between 

the process of production of ion-pairs and those processes respons— 

ible for their loss. The relationship between the number of elect— 

rons per pulse (Ne) and the pulse interval is more difficult to ex- 

plain as often a maximum is observed (Figs. 11 and 12). A good 

test for the kinetic models outlined in the previous chapter is to 

predict the above relationship. This point is discussed more fully 

in section 4.7 this chapter. 

4.5 RADIATION SOURCES AND INTSR-ELECTRODS SPACING 
  

The nature of the ionisation source has been found to be 

of primary importance. The dimensions of the ionisation zone are 

determined by the cross-sectional area of the radiation source and 

the range of the emitted 6” particles. The two most commonly 

used sources are *H and S3xi, As stated earlier, p particles 

released from a 9 source have a maximun energy distribution between 

17.6 and 18.9 KeV, while those from 65g are about 67 xe(15) , The



  

59 

  

CURRENT (A) 

10+ 

104 

  
    

  

GAS:No 

Flow 3.3cm’s” 

ECD:- " 

Cath.0.5mCi Ni 

PULSE:- 

V=90V 

s=0.7 ms 

  

10! 

FIG. 9 

CURRENT VARIATION WITH PULSE WIDTH (W. 

10 
PULSE WIDTH (us) : 

24 

   



60 

  

  

Cc 
U 

R 
R 

Ee 

N 
T 

Z 

«10PA 

Gas:N2 

Flow: 33cm’s™ 

ECD:-— 

Cath. 0.5 mCi? Ni 
l= 10cm 

Ir Pulse + 

V=90V 
w=SMs 

  

ta ss ee ne 
(PULSE INTERVALY' 10% ps7 

FIG. 10 

CURRENT VARIATION WITH PULSE INTSRVAL (s)~!   
   



61 

  

  

  

    Ne VERSUS s PLOT FOR Sree SOURCE 

3 2 © 2 ° 
° 

Ne 

10° 
° 

zz 

Gas:No 

Flow: 3.3cm’s™ 

ECD: 

Cath. 0.5 mCi °Ni 
(=10cm 

Pulse =- 

V=90V 
w=5ys 

1 L 

02 06a. oro 1h 18 
PULSE INTERVAL (ms) 

RlGat   
 



62 

  

x oN
 

oe
. 

    
  

Gas:N2 

Flow 33 cms" 

ECD=- 

Cath. 150mCi 7H 

(=0.95 cm 

Pulse - 

V=90 V 

W=9us 

  

02 Ges th 78 
PULSE INTERVAL (ms} 

FIG. 12 

Ne VERSUS s PLOT FOR 150 mCi SOURCE   
 



63 

average energy is about one third the maximum energy. The number 

of ion-pairs formed decreases with increasing energy of p” part- 

icles (Fig.13), since the time in which energy can be transferred 

from the particle to the gas molecule upon collision decreases 

with increasing velocity. When low energy ha particles are being 

considered, the range has been found to be almost independent of 

absorber material. The graph of specific ionisation, ie. the rate 

at which ak particles lose energy in passing through air, versus 

range (Fig. 14) shows a very steep increase in the mmber of ion- 

pairs formed at a distance of about 2 m,. from the on poucea a2)e 

There is then an exponential decrease in the number of pairs for- 

med with increasing distance. 

The range of the p particles, R, can be calculated from 

an empirical relationship, 

Lun. B= 6.63 - 3.2376 (10.2146 - ina)'/# 

where E is the maximum energy in MeV. The equation is valid for 

0.01¢ B ¢ 25MeV. Weakly energetic p particles from a 

3y source travel about 2m, in air, Wentworth et a. 18) and the 

Radiochemical centre (59) quote similar values. p particles of 

maximum energy travel about 6 mm. while those from the 63 y3 source 

have a range of about 9 m,. The combined effects of continuun 

spectra and scattering lead to an approximately exponential absorp— 

tion law for p~ Particten of a given maximum energy. The nearly 

exponential decrease applies both to numbers and specific ionis— 

ation of PD particles. Hence, the energy and number distribution 

lead to the conclusion that there are many more p particles close 

to the source and because of their low energy, 2 large number of 

ion-pairs could be formed in this region. 

Loss through self-absorption and scattering is much more 

pronounced with electrons than with heavy particles. Self absorp~
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tion can be calculated from the foil thickness (x) and the absorp— 

tion coefficient (m), 

feo_ [ 2 &=0 | 
where Ro and Rarethe measured and true counting rate respectively. 

The foil thickness can be estimated as follows : 

pa emitted by foil : (0.15Ci cm x 3.7 x 10'° 7! 

= 5.55 x 10? om st 

The decay rate constant is (0.6933/3.87 x 40° s) = 1.792 x 1079 

a and hence there are 3.097 x 19/8 Ba euiae Assuming one atom 

of tritium per atom of titanium, the foil thickness is, 

18 
ax 50.92¢ = 0.26 mg om? 
6.02 x 10°? 

With a typical absorption coefficient of approximately 3.0 

ome ng’, this gives a self absorption of 59%. Lossin emitted 

radiation through self-scattering is likely to be of the same mag- 

nitude. 

fn estimation of the current arising from ionisation of 

carrier gas molecules can now be made, Assuming that Re particles 

emitted from the top 0.13 ng/em* manage to escape, and considering 

losses through self absorption and scattering, a 150 mCi source is 

effectively about 0.15 x 3 (1/2) = 0.02 Ci em 

40 7 x 10° B ~ particles cms eae Considering energetic electrons 

which corresponds 

from a tritium source, the number of ion-pairs formed by each B- 

particle is about 2.9 x 10°. Hence, the number of electrons pro~ 

duced may be calculated to be 2,0 x 40" electrons per second which 

corresponds to a current of 3.3 x 1078 A. ‘The measured current 

(3.4 x 407?) compares. well with this, considering the assumptions 

made.
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A radiochemical examination of the tritium £03151) revealed 

the presence of two other radioactive species of 0.33 and 0.7 MeV. 

They were present in neglible amounts and considering their high 

energy, they could not contribute significantly to the ionisation 

of carrier gas molecules. 

Figures (15) and (16) show the variation in current as a 

function of electrode spacing. At short separations the BS particles 

emitted from the source (on the cathode) hit the anode and are lost 

through surface recombination. As the spacing is increased, more 

of them undergo ionising collisions with carrier gas molecules and 

hence the observed increase in current. However, when the electrode 

spacing exceeds the maximum range of the Pa particles, electrons 

formed in the plasma are lost through recombination as they traver— 

se the cell. Im the pulse mode of operation at large electrode 

spacings, the time the pulse is normally applied for (54s) is also 

too short for most of the electrons to be collected, In nitrogen 

the electron drift velocity is estimated to be 3.0 x 10° ens”! (60) | 

Hence, to travel a distance of 2.50 cm would require 8.33 1 s— much 

longer than the applied pulse duration. 

It is generally accepted that the range of Bag particles 

emitted by a 63x35 source is about 8 — 9 mm. at NIP and this is borne 

out by Fig. (16). However, the results obtained with the 3H source 

do not support the normally assumed value of about 2.5 mm. The 

maximumappears at about 6.5 mm. which is in agreement with the cal- 

culated maximum range of po particles from a tritium source, The 

result points towards a much larger reaction zone in ECD's equipped 

With this source. 

Varying electrode separation while operating the cell in 

the d.c. mode (Fig. 17) also supports the above conclusion. The 

current reaches its peak value at about 6.0 mm. ‘The graph also 

shows that at high field strength (40 Volts em=1) and Plows the
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current decreases very gradually with increasing separation ind— 

icating that almost all charged particles present in the cell are 

being collected at the electrodes. However, at low field strength 

(20 Volts on!) the decrease in current is very steep, similar to 

that observed under the pulsed mode. As recombination seems to be 

the dominant process of loss under these conditions, an attempt 

was made to calculate the electron-ion recombination coefficient. 

As a first approximation, the time rate of change of elect— 

ron concentration is 

ge = ak 
at 

assuming that the electron and positive ion concentrations are equal. 

The solution of the above equation is 

1 1 
a ee 

where eg is the initial concentration of ion-pairs, At a field 

strength of 20 Volts cu, the electron drift velocity is 2.25 x 

10° oma’. Hence, the time taken to cross the cell at various cell 

distances can be calculated. Fig. (18) shows the variation of the 

inverse of the current with time. The slope of the graph is 5.49 x 1013 

Sr 
A » and the recombination coefficient for nitrogen is then 

4.622107 om? a! which is about an order of magnitude too large. 

This is to be expected considering the simplifications and assumpt~ 

ions made. 

Another approach explaining the decrease in current with 

increasing separation can be based on the consideration of Eq.(20) 

(without the negative ion term) at steady state. 

ya i 7 ky ee KyVep ~ Fe.e = 0 

The electron concentration is,
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where 1 is the inter-electrode separation. Assuming an order of 

magnitude value for p (= 10”), the value of e at 1 = 1.8 cm. is 

2.22 x 40° em? which gives a current of 0.36 nA. This compares 

well with the experimental value of 0.72 nA, considering the app- 

roximate value of p. | 

Since the density of the medium has an effect on the range 

of the p particles, electrode spacing studies were carried out 

at constant pressure using various carrier gases. The density de- 

creases in the following order : 

ar >) Ar + CH, ) GH, ) ND He 

Fig. (19) compares the range of B” particles in Ar + 5% 

CH, and He. The former has a density ( ~ 0.1786 gi!) which is 

about ten times greater than that of the latter. The graph shows 

that in helium the current reaches its peak value at about 1.25 cm. 

while in Ar + CHy» the corresponding separation is about 0.6 cn. 

The behaviour is as expected and it appears that a ten fold increase 

in density of carrier gas corresponds to a reduction in range of B a 

particles by one half, 

As stated earlier, when the radiation source is considered 

on its own, a large number of ion-pairs form in close vicinity of 

the source. However, as part of the detector, it appears that most 

ion-pairs are formed some distance away from the source, indicating 

that high energy B ~ particles are responsible for ionisation of 

carrier gas molecules. scoinicke (45) arrived at a similar conclus- 

ion, 

Emission of bremsstrahlung radiation by the f ~ particles 

has been suggested to be partly responsible for ionisation. The 

radiation in question arises from the acceleration of en electron
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by an atomic or ionic field. The ratio of energy loss by bremss- 

trahlung radiation to energy loss by ionisation in an element of 

atomic number Z is approximately equal to 82/800, where BE is the 

electron energy in uev. 15) In the case of nitrogen, this energy 

loss is 0.0164 for Pp” particles from 35 source and 0.0585 for 

Ni source. Ionisation arising from bremsstrahlung radiation 

appears to be unimportant for the sources normally used. 

The effect on current flow in an assymmetrical cell was 

investigated. One electrode in turn was fixed very close to the 

gas inlet and the separation was varied by changing the position 

of the other, There was no significant difference between the 

two (Figs. 20 and 21) except for a slightly higher current for the 

case where the cathode was fixed. The effect of flow on the plasma 

may be responsible for this observation, 

In comparison to the symmetrical cell, the plasma seems to 

be more diffused in both cases of the assymmetrical cell. In the 

latter configuration the current is either increasing or at its plate— 

au value until the separation is about 1.4 em; this is unlike the 

former configuration where the current is on the decline only after 

about 0.7 cm. The vortices in the flow pattern could enhance diff- 

usion of the plasma contained inthe assymmetric chamber since the 

electrode fixed close to the gas inlet behaves as a reflecting 

surface. 

Two 3y sources of different activities and of almost the 

same area were investigated. The activities were approximately 

150 and 500 mCi. Assuming that the two foils had similar charact- 

eristics, such as the presence of other radiation sources, the 

thoretical ratio of their activities is 3.33. Currents measured 

for the two sources, under both the d.c. and pulsed modes, are 

given in Table 3. At long pulse interval the mean ratio of currents 

measured under similar conditions for the two sources is 2.84 while



76 

  

  

    

  

    

    

    
     

2.07 Gas:No9 

Flow: 3.3 cms"! 

ECD-- 

Anode fixed 

PULSE 

V=90V 
s=1ms 

o-w=5us 
Oo w=20yps 

1.55 

O55   

Cath. 500 mCi°H 

  

1 2 

FIG. 20 

CURRENT VARIATION IN AN ASSYMMETRICAL CELL — ANODE FIXED 

3 
SEPARATIGN_ (cm) 

  
 



  

TT 

  

   

   
    

    

  

Cc 
U 

R 25F 
R 

E 
N 
T 

(nA) 

2.0)- 

Gas:N92 

Flow: 3.3 cm’s™ 

ECD: 

1 Anode:S00mCi °H 
Cathode fixed 

Pulse mode 

1.0- 

05   
1 2 3 

SEPARATION (cm) 

fe 

FIG. 21 

CURRENT VARIATION IN AN ASSYMMETRICAL CELL -— CATHODE FIXED   
 



78 

TABLE 3 

COMPARISION OF CURRENTS FROM 3n SOURCES OF DIFFERENT ACTIVITIES 

  

  

  

  

gas : Np ECD := Pulses 

Flow: 3.2 em? s7! Anode: Brass V = 90 Volts 

Separation: 1.0cm. W=5us 

SOURCE |d.c. SATURATION PULSE INTERVAL, S 

3 
E current 50s |100ns]250ns} 1 ms 11.5 ms/2.0 ms 

500 mCi 6.50 nA 6.10nA}5.85nA}5.0 nA]2.40nAl1.65nA10.87nA 

150 mCi 3.40 nA 3 .33nA|5.15mA}2.55nA}0.82nA]0.59nA|0.31nA 
    Jo.5/0.15| 1.91 1.85 |1.86 |1.95 |2.93 |2.80 |2.81                  
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short pulse interval and under the d.c. mode, the ratio is 1.90. 

Considering that the two activities are not precisely known (espec~ 

dally the lower one) it seems reasonable to conclude that the 

current at long pulse interval varies by the same ratio as that 

of the activities of the sources. However, at short pulse interval, 

the current ratio of the two foils is about one half of the theoret— 

ical ratio. Space charge effects may be responsible for the obser- 

ved difference in the mean ratios. At short pulse periods, for the 

current ratio to be close to the theoretical, the 500 mCi currents 

need to be much higher. However, this in practice is not possible 

as relatively denser space charge exists since loss through recom— 

bination is minimal under these pulse conditions. 

Comparison of detector currents arising from sources pro~ 

viding Pp ~ particles of different energies is much more difficult 

as sources tend to have different activities as well. Considering 

a 500 mi ?H source and a 0.5 mci 63 ni source, the average current 

ratio was found to beabout ten times larger than the ratio of their 

energies, ie. 

63 yi /3H = 67 KeV/18.6 Key = 3.60 

Other sources which have recently come into use are Wes, 

447 241 
Pm and Am. Alternative sources are necessary mainly because 

of the need to work at higher detector temperatures. The generally 

acceptable temperature limit for the 3x source is 225°C while that 

6 
3 Ni source is 350°C. Detectors equipped with 147 Pm can for the 

be heated o1400%¢ (2) Vand the maxiuam operating temperature for 

241 Am is 500°, (53) At elevated temperatures a considerable loss 

in activity results and this leads to large variations in day-to- 

day standing currents. The emanation of radio-active material in- 

to the atmosphere of the room however, is a more serious consequence. 

A low level contamination of the environment (constituting a health
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hazard) occurs with 3H sources when the detector temperature ex- 

ceeds 230°C, (54) A comprehensive study of possible radiation hazards 

arising from radioactive sources in ECDs has been made by ayior. (9 ) 

In normal operation, the radiation source is placed on the 

cathode and hence the electrons present in the plasma are drawn across 

the cell to the anode. Their greater mobility (=10%en?y"'s71) en~ 

sures that a relatively small applied voltage (about 25 Volts) gives 

saturation current. However, when the polarity of the cell is rev- 

ersed, a considerably larger voltage is necessary for current 

saturation (Fig. 22). This is to be expected as the heavier positive 

ions with their lower mobility (= 2.50m-v~'s~") need to be drawn 

across the cell to the cathode. The Bo particles from the source 

on the anode recoil to the source forming few ion-pairs. Fig. (23) 

shows the current variation with inter~electrode seperation. Max~ 

imum current is observed at very small spacing since B ~ particles 

of average energy have been shown to have a range of about 2mm. The 

current gradually decreases until a separation of about 6 mm, corr~ 

aatentine to the distance travelled by particles of maximum energy. 

Thereafter, the current declines steeply as ion—pairs are no longer 

generated and also losses through recombination are considerable. 

The initial decrease in current substantiates the explanation given 

(that ionisation zone extends to about 6 mm. from the source) for 

the increase in current observed when the source is on the cathode 

(Fig. 17). 

4.6 PRESSURE AND FLOW RATS OF CARRIER GAS 

Since the range of Bp r particles depends on the number of 

molecules in their path, a shorter range is to be expected at 

higher pressures, The plasma volume would consequently decline. 

Figs. (24) and (25) show the current variation at pressures below 

and above atmospheric. The texmG, the ion pair yield, is potentially
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pressure dependent. The number of ion pairs formed, is equal to 

the product of the mumber of ion pairs per unit length and the 

path length. While the path (whose length is inversely proportional 

to the pressure) lies within the cell, this product is constant, but 

when the path length exceeds the inter-electrode spacing, the number 

of pairs will fall. 

In terms of the proposed model, 

a= be =e (Ko Vp, + Fe) 

a Fe 
Ai pee i 

If Fe/V is small and p, = eR, then 

The observed current, I, is to a close approximation, eV electrons 

per pulse. Hence, 

k, reves) - (SHEE sy   

The 'Gaines' factor, R depends partly on the relative drift 

velocities of electrons and positive ions and hence is a function 

of (X / P) whexe X is the applied field end P is the pressure. Since 

R is inversely proportional to the pressure and the volume of the 

plasma varies in a similar way, the current I, in accordance with 

Eq. [39] » should be independent of the pressure as long as the 

path length is within the cell (ie. G is constant). ‘This is the 

case at large pressures and the current is very nearly constant as 

shown in Fig. (24). At lower pressures, where G is proportional to 

the pressure, the current does exhibit a linear increase with pre- 

ssure. 

Changing electrode spacing at various pressures below at— 

mospheric (Fig. 26) show that the range of Ae particles is 

considerably extended; for the tritium source, the ranse of particles



86 

  

  

CURRENT. 

10 

104 

1 os 

  

(A) 

    

  

Gas No 

ECD:— 

Cath. 500mCi 7H 

Pulse :— 

V=80V 

w=5us 

tp=1 ms 

0.5 10 15) 

SEPARATION (cm) 

CURRENT — CELL LENGTH RELATION AT VARIOUS PRESSURES 

   



87 

with high energy is greater than 1,0 cm even at pressures of about 

500 mm Hg. Since studies were confined to a maximum cell length of 

1.0 cm, it is not possible to determine exactly the dimension of the 

plasma at various pressures. 

At pressures above atmospheric (9°) the current declines 

steeply with increasing pressure. The high density of neutral mol— 

ecules hinders collection of charges and also enhances volume re~ 

combination. Plotting the pulse interval against the magnitude of 

the pressure corresponding to the maximm current (Fig. 27) suggests 

that at atmospheric pressure, high electron concentrations (for 

coulometric response) are obtainable at long pulse periods (about 

0.5 ms). 

The effect of carrier gas flow rate on the response of the 

ECD has generated considerable controversy. As stated earlier, any 

detector whose response is concentration dependent would be affected 

by gas flow but only in the presence of sample molecules or varying 

pressure. However, in the ECD, the presence of a large excess of 

positive ions and the detector's extreme sensitivity has complicated 

the situation, Devaux and cuiochon (37) noted a decrease in stand~ 

ing current with decreasing flow rate. puraett (22) concluded sin- 

ilarly. However, Lovelock 2°) and. Monmaasen oo) have both found that 

the two parameters are not related in the pure carrier gas. Aue 

and Kapila(?) rightly pointed out there exists much confusion in the 

literature on this issue. 

The present studies show that when the usual precautions are 

taken (as stated in 4.2) to obtain a ‘clean’ carrier gas in the 

normal ECD set up, there is a dependency on flow but only at very 

low flow rates. This was found to be the case in two different E.C. 

systems using metal and nylon tubing respectively, The variation 

in current was observed under both the d.c. (Fig. 28) and pulsed
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modes (Fig. 29) of operation. It is clear from these two graphs, 

that G.C. operators could have either observed a dependency on flow 

or not depending on the particular conditions under which results 

were obtained, In the continuous d.c. mode, the effect of flow 

is more apparent at lower voltages than at and above the critical 

voltage giving saturation current. In the pulsed mode, flow has 

a negligible effect on the standing current at shorter pulse int- 

exrval and is magnified as the pulse period becomes longer. How- 

ever, it seems that over a considerable range, above 20 om? nin! 

there is almost no dependency, irrespective of the magnitude of 

the pulse interval. Similer results were obtained with 95% 

argon + 57: CH, as carrier gas (Fig. 30). 

The presence of electron capturing contaminants in the 

carrier gas stream, whether originating from the gas itself or 

diffusing through the ‘tubing and various joints, has been held 

responsible for the observed variation in standing current with 

gas flow petee 2) 

4n analysis of the effects of a capturing impurity is brief~ 

ly presented. Two possible situations could arise : 

1) The concentration of the contaminant is constant, Co, and 

is entering the cell at the same flow rate as the carrier 

ges (U). This would be the case if it is present in the 

gas supply. At steady state, 

Rate of entry of impurity = Co U/V 

Rate of outflow = Co U/V 

Rate of formation of negative ions = kC e 

where k is the capture coefficient and e is the electron 

concentration in the cell. 

Hence, Co=C (1+kvVe / U) 

k 
The rate of loss of electrons = kCe = Te repay [40]
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which increases as U increases (as a first approximation) 

and consequently the standing current decreases. However, 

in practice the current is found to increase with carrier 

gas flow rate. 

Ze The contaminant is diffusing, bleeding or leaking into the 

carrier gas stream at some constant rate, Q, independent 

of the gas flow rate. Similar rate terms to those presented 

im case one can now be considered, 

Rate of entry of impurity = Co Ux/V where Ux is the rate of 

flow of impurity. 

Rate of outflow = C (Ux +U) WV 

At steady state, 

Ux:Co =k VCe + C (Ux + U) 

Hence, 

Ux_Co 

C= k¥e + (ix + U) [41] 

Eqe [41] predicts that as the flow rate of carrier gas in~ 

creases, the concentration of the impurity in the cell de~ 

creases and thus accounting for the observed increase in 

standing current. 

Readings taken with a gas line suspected of leakage showed 

considerable dependency on flow as shown in Fig. (31). The diff- 

erence between the asymptotic current value (Io) and that at a low- 

er flow rate (I) is proportional to C in Ea. (41). A linear rel~ 

ationship between (Io — a! and U is predicted by that equation. 

Fig. (32) shows that this is the case. As the gas line is made 

inereasingly contaminant free, the slope becomes steeper and this 

parameter can be regarded as a measure of the concentration of 

impurity in the cell. 

The earlier explanation for the variation of standing current 

with carrier gas flow was the dispersion and eventual removal of
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positive ions in the gas stream. Wentworth et mG) noted that 

in the pulsed mode, loss of positive species may occur through flow 

out of the cell at longer pulse periods. Iyons et ar, 29) have 

suggested that two processes are involved. In the low flow region 

(= 100 om? min™!) the positive space charge around the cathode is 

dispersed by increasing the gas flow. In the high flow region pos— 

itive ions are removed in the gas stream so that the concentration 

of positive ions in the chamber is inversely proportional to the 

flow rate. 

The rather large variation in current with carrier gas flow 

rate observed by Lyons et. al., is almost certainly due to the pre- 

sence of a capturing impurity, as the results obtained from a system 

suspected of leakage have shown. 

A possible effect of flow would be to influence the degree 

of mixing in the cell. As shown earlier, the electron drift veloc— 

ity is comparable to the gas kinetic velocity, indicating that mix- 

ing is occurring in the cell but it is not sufficient to assume 

complete mixing. In the assymmetrical cell, the gas flow does seem 

to diffuse the space charge of positive ions as the current - elect— 

rode separation plots showed. Also, in the case where the cathode 

was fixed close to the gas outlet, the maximum current was higher 

than that measured when the position of anode remained fixed. This 

is possibly an indication of loss of positive species from the space 

charge in the vicinity of the cathode. 

tovelock (37) has pointed out that ionisation detectors are 

not usually sensitive to changes in gas flow rate. This is because 

the drift velocity of the ions is large compared with the linear 

velocity of the gas flowing through the detector. If, however, 

the drift velocity of either the positive or negative ions becomes 

comparable with the linear gas velocity, gas flow can affect the



ea 

detector current. 

If flow out of the cell is to be a plausible mode of loss 

for positive ions, then the time constant for this process has to 

be comparable to that of recombination which is by far, the most 

important process by which the ions are lost. For a cell with an 

electrode spacing of 2.0 cm and assuming a high gas flow (3.67 em? 

ses the residence time for gas molecules is 3.45 x 107! s. Ass— 

uming an average positive ion density of 1 x 10? en”? and a recombination 

coefficient of about 1 x 107! em? oa the time constant is 1 x 1072s, 
The two values do not differ significantly. 

Besides volume recombination, the positive ions can also be 

lost by surface recombination at the cathode. At low field strengths 

(10 vem™'), the positive ion drift velocity in nitrogen is 2.55 x 10! 

em e. and the time to cross the cell of spacing 2.0 cm. would be 

about 7.8 x 1072 sg. This value too, is comparable with the residence 

time for molecules at high gas flow. Hence, it seems that positive 

ions could be lost through flow out of the cell, when cell volumes 

are big and the flow rate is high. 

At small electrode separations, flow was found to have no 

effect on the current (Fig. 33) but as the spacing was increased, a 

higher current was observed for a particular voltage when the gas 

flow rate was high (Fig. 28 ) 

4.7 d.c. MODE OF OPERATION 

Though this mode of operation has inherent sources of error, 

it is still quite widely used in analytical work. Hence, an attempt 

was made to analyse the typical response characteristic of the det~ 

ector - a parabolic rise in current with applied voltage. 

Several theories have been formulated for a discharge in a 

gas between two parallel plate electrodes. One approach based on 

calculating the current density at any point in space in the react- 

ion volume, has already been outlined in section 3.3. Another
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approach, based on Poisson's equation and applicable at high gas 

pressure and in the presence of a space-charge leads to the following 

relationship between the current density and wolteges ) : 

—12 V7 
293 10ers 

J = a [4] 

where |! is the mobility of the species responsible for the current 

and d is the electrode spacing. The electron current density cal— 

2 
culated from the above equation for nitrogen is 5.8 nA m~ while the 

measured current density (for the 500 mCi 3n source) is 4.9 x 107? 

es Several factors contribute towards the inadequacy of these 

theories in predicting the ECD current. It is assumed that ionis~ 

ation is uniform throughout the cell; that the space charge is very 

dense and either electrons or positive ions are to be considered and 

not mixtures, 

In terms of the proposed model, the electron density under 

the d.c. mode would be expressed by 

eeiGarno ue 

, AG ee 
(Ej Vb FVbh + Fe) 

The equation predicts an electron density several orders of 

magnitude smaller than that calculated from the observed current 

density. The inclusion of a diffusion term however improves the 

prediction. Since the latter process leads to surface recombinat— 

ion of the ion-pairs generated, the equation can be modified to : 

k. 

+ [0] 
Considering the case where the applied voltage is 20 volts, 

  

1 = 1.0 cm and the source is500 mCi Au, the measured electron den= 

sity in nitrogen is 2.58 x 101° on, The density calculated from 

Eq. [43] is 6.2 x 10° om.
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As theoreticl analysis has failed to explain satisfactorily 

the current-voltage behaviour, an empirical relationship was sought. 

The standing current is proportional to v and inversely proportional 

3 
to 1° at high gas flow rates (Fig. 34 and 35) and in the low flow 

region, the relationships appear to be : IecV 3/2 and |Lecdso 

(Fig. 36). Similar relationships are expressed by Child's law des- 

eribing space-charge limited currents in vacuum and gas-filled el- 

ectronic devices such as thermionic diodes. 

The graph of the onset voltage for saturation current at 

different inter-electrode spacing (Fig. 37) shows the effect of 

space charge — a potential trough near the cathode. The intensity 

of the space charge is determined by the parabolic character of the 

curves; it appears that a denser space charge exists at very low 

gas flow rates. This would be the case if positive ions were be~ 

ing removed from the cell by flow. Similar results were obtained 

with 95% ar + 5% Cy (Fig. 38). 

4.8 PULSED MODS OF OPERATION 

To overcome many of the problems faced when the detector 

is operated in the d.c. mode, Tovelock' 2) suggested the use of 

square wave voltage pulses as the source of potential. Pulse var- 

fables — voltage, V, width, w and interval, s, were defined in 

section 2.6 and the detector used was characterised in terms of 

these parameters in section (4.4). 

When the ECD operates in the pulsed mode, its response 

over a voltage range shows a plateau (Pig. 8); the particular 

voltage at which this plateau occurs depends upon the pulse width 

and the, detector design. It is also indicative of cell and 

carrier gas purity. With nitrogen and 955 Ar + 5 Ci as carrier 

gases, the onset voltage for saturation current is about 20-30 

volts under normal operating conditions. In the presence of electron
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capturing impurities, a larger voltage is necessary since the 

negative species formed upon capture are being collected as well. 

In explaining the decrease in current at long inter-elect~ 

rode spacings, it was shown that the normal pulse width of 518 is 

too short to allow collection of all electrons, This would imply 

that if the field intensity (which is proportional to V) were to 

be increased, the drift velocities of the charged species would in- 

erease as well and hence the saturation current be reached. Fig. 

(39) shows that this is the case. 

As with the d.c. mode, if the onset voltages giving sat~ 

uration current at various electrode separations were to be plotted 

against the separation (Fig. 38), a potential trough is observed. 

This would imply that a space charge of positive ions also exists 

under the pulsed mode of operation, contrary to what is normally 

pated) 

The current variation with pulse width is similar to that 

observed for the pulse amplitude —a steep increase initially, fol- 

lowed by saturation (Fig. 9). The slight increase in the satur- 

ation region is thought to be due to the collection of charges 

produced during the application of the pulse. As stated in section 

4-4, the pulse width at which the current ceases to increase line~ 

arly denotes the electron transit time, If this is the case, then, 

it should be possible to calculate the electron drift velocity from 

1 tore, that time and the cell length. At (xX/P) = 0.07 V cm 

popes 60) gives the electron drift velocity in nitrogen as 2.7 x 

10° om s7'. Table 4 shows the drift velocities calculated with 

different ionisation sources and cell lengths. ‘The electron tran- 

sit time is denoted by We and the field strength (X) is assumed to 

be uniform in the cell. The average electron drift. velocity in 

nitrogen calculated from the results given in Table 4 is 2.83 x 410°
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ELECTRON DRIFT VELOCITY (Va) IN NITROGEN 

  

  

  

  

  

        

CELL 
SOURCE Lenore | FIELD We Va ons! 

500 moi?H| 1.0 om |50.0 ven "| 3.50 ns |2.86 x 10° 

150 mi7H | 1.6 om |56.25vem™'| 6.30 ps |2.54 x 10° 

150 mcin | 0.95 em 52.6 ven™'| 3.40 us [2.79 x 10° 

o.5mci°*xi] 1.0 om |50.0 vem™'| 3.20 ws [3.12 x 10° 

0.5mci°7xi] 1.55 om [58.1 vem'| 5.50 us |2.62 x 10°         

TABLE 5. 

ELECTRON DRIF? VELOCITIES IN VARIOUS GASES AT Low (x/P) 

  

  

  

  

  

      

GAS PRESENT LIVERATURE VALUES 
svupy Ya Va 

w¢ 5 -1 5 -1 Nitrogen |2.83 x 10° cms |2.7 x 10° cms (60) 

Ar + 596 CH, |2.65 x oe Sepex Ao’ tensa! (18) 

Argon 3.05 x 10? cms”! 2.0 x 10° cms! (18) 

Helium 3,22 x 10° cms! 3.5 x 4102 cuss (60) 

Ethylene |8.65 x 10° cms! =e       

108
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cm aS The distance travelled by the electrons has been taken to 

be the entire cell length even though it appears that ionisation 

eceurs some distance away from the source. This seems reasonable 

since most ea particles are confined very close to the source as 

was pointed out in section 4.5. 

Electron drift velocities in various gases have been cal— 

culated and are presented in Table 5 together with literature values 

(60) where available. Small changes in (X/P) in the range considered 

(at atmospheric pressure) have negligible effect on the drift vel- 

ooity (29) , The results obtained are in agreement with those acquired 

using other techniques for measuring electron mobility. The potent~ 

ial use of the ECD to measure electron mobilities at very low (x/P) 

values is amply demonstrated, 

The experimental parameters expressing kinetic control of the 

reactions occurring in the detector are the number of electrons col- 

lected per pulse (Ne) and the pulse interval (s). Fig. (29) shows 

a typical current variation with pulse interval — gradual levelling 

off at short periods giving maximum current and a steep decrease 

with increasing s. The extrapolated current value at zero pulse 

period corresponds to the maximum current observed under the d.c. 

mode. In the case of nitrogen this is about 6.3 nA. However, with 

9595 Ar + 57 CH4 the current at short pulse interval (50s) was 

slightly higher (by 0.3 nA) than the d.c. saturation current (6.85 

nA). With argon and ethylene, the latter was found to be slightly 

higher. These small fluctuations are within experimental error and 

it can generally be said that at short pulse periods, the current 

does approach the d.c. saturation current. This would imply the 

collection of positive ions under the pulsed mode, contrary to what 

is generally accepted (that only electrons are collected) (61), 

Pig. (40) shows the current variation with pulse interval 

for different gases studied-argon, 95% Ar + 5/5 CH q ethylene, helium
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and nitrogen, ‘The addition of small amount of methane to argon main- 

tains the electron energy at a constant thermal level and the quench- 

ing gas molecules also remove argon metastables in deactivating 

and ionising collisions. In pure argon, electrons are not completely 

thermalised during the applied pulse times and this probably accounts 

for the lower current observed in argon since the ionisation cross- 

section decreases with increasing electron energy. ‘he metastable 

potential of heliun is relatively high (20.7 ev) and since ion- 

disation of rare gas molecules occurs only via the excited state, the 

measured current is expected to be much smaller in comparison to 

that of argon. ‘The reactions are : 

- * - 

He + e ——>He +e 

He’ + pe Sr + @ 

Fig. (40) also illustrates the loss of electrons end positive ions 

through recombination processess Assuming that the rate of decrease 

in average current (as measured by the electrometer) with increasing 

pulse period is unaffected by the nature of the gas in the detector, 

the effect of different rates of recombination is clearly exhibited 

at long pulse interval. Helium, with its lower rate of recombination 

gave almost the seme current as nitrogen and argon at long pulse 

periods. With ethylene as carrier gas, a very steep decline in 

current is observed. The formation of several positive species up— 

on irradiation have been eee 3 Coty a coi bs Coys and 

a » ‘Though an overall recombination coefficient is not knowm for 

the gas, it is expected to be large (~10°% on? ee 

Equation. [30] predicts the build up of electron concentrat— 

ion during the field free interval. The rate of production of ion- 

pairs, "4 AG, is given by the initial slope of (Ne versus s) graph. 

For the 500 mci by source end nitrogen as carrier gas, Ky AG = 2.41 

=10 4 om? s”'. fhe mobility and electron ion recombination co- 

efficient (for My ) is 2.5 em? v-1 8-1 and 1.50 x 107° om3
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ou megpectiyaren c? 30) Fp is taken to be the flow rate of the 

gas. The 'Gaines factor', R, is calculated from Eq. [36] for 

several values of s and this allowed the positive ion concentration, 

Po, to be evaluated from Eq. [38] + Table 6 shows the values of 

these two parameters for nitrogen. All the factors involved in 

Eq. [50] are now known and hence the electron concentration can be 

calculated. Fig. (41) shows the prediction of the present theory 

together with that made by Lovelock's ‘stirred reactor’ noaer (42) 

and these are compared with the experimentally observed variation 

of Ne versus s. Ia. [33] giving the average electron concentrat— 

ion and the corresponding equation in Lovelock's model both fail 

to saturate at long pulse periods. This probably indicates that 

the current measured does not correspond to the electron concent— 

ration per pulse integrated over the pulse period but rather to the 

actual concentration of electrons at the end of thepulse period, as 

expressed by Eq. [30] . 

Expressing R as the ratio of positive ions to electrons in 

the cell simplifies Iq. [30] to : 

Ss pe less (q + -1 

os ol/2 exp (q t) + 4] [4] 

4 AG C=kR and q = 2 (ac) 172 

cc 
The recombination coefficient, Keys for arg’ is 6.7 x Aone as 

where a =k, 

A 

as calculated by Oskam and widdtestaat, (2) The drift velocity for 

1 ot a field strength of 80 Vem. the 

meen value of R is 3.66 x 40°. Fig. (42) shows the theoretical pre- 

the ion is 1.52 x 10° ems 

diction according to Eq. [44] and also the experimental variation of 

Ne with the pulse interval. 

4n equation can easily be derived for the recombination co- 

efficient from the proposed model, 

i Lae aes 2 45 
: ngRr  Neks ky R 8° [+] 

 



TABLE 6 

THE 'GAINES FACTOR! AND POSITIVE ION CONCEIT2RATION IN NITROGEN AT 

VARIOUS PULSE PERIODS 

  

  

  

  

  

  

  

  

  

5 (us) Rx 10° 2, x 10? 

43 6.33 3.97 

100 5.68 3.76 

250 4646 3.33 

500 3.29 2.86 

750 2.63 2.56 

4000 2.17 2.32 

4500 1.62 2.01 

2000 1.30 1.80          
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The positive ion mobility in ethylene is approximately 2.5 on™ y 

sv! giving a drift velocity of 2.0 x 107 cn a at a field strength 

of 80 v en™’.(59) ghe mean value of Ris 4.66 x 10° and k, = 2.84 x 

4019 om Bal when the cell volume is 1.27 ont. As recombination is 

a dominant process at long pulse periods, the value of Ne = 3.15 x 

6 
10° is taken at s = 1 ms. The electron-ion recombination coefficient 

for ethylene, calculated from Eq. [45] » is then equal to 8.95 x 4076 

owas, 

For helium, when the 'Gaines factor’ is calculated from Eq. 

[56] » the recombination coefficient, Ky w= 1.55 =< 4076 om? so which 

is considerably larger than the revorted values, (22) An alternative 

way of obtaining the 'Gaines factor’ is to consider it as a function 

of the ratio of the mobilities of positive ions and electrons in the 

gas under study. ‘Thus, 

-1 

a= 6 Ges 4) (6 
where G is the number ofion-pairs formed per number of B ~ particles 

actually emitted; tp end He refer to the mobility of positive ions 

and electrons respectively and U iis the gas flow rate. R calculated 

in this way gives a value of 6.22 x 10+ for helium. The rate of 

5 1 
production of ion-paizs, k, = 1.58 x 101° em?s andNe = 13x 

10! ats=1ms. Eq. [45] then gives the recombination coefficient 

for helium and is equal to 2.3 x 107? om? Ba! which agrees very well 

(22) 
with the values quoted by Hasted . 

The use of known values of recombination coefficients and 

positive ion mobilities has made it possible to check the predict— 

fons of the proposed theory. Accounting for the positive ion space 

charge, through the 'Gaines factor', shows that the charge concen- 

5 
tration in pure argon is about 4.0 x 10? en’? ats =1ms. Went- 

worth et ai, (18) estimated the value to be 1.1 x 10" on. 

Theory, however, failsto explain the observed maxima and
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the subsequent sharp decline. The peak appeared in all the gases 

studied and it seems that a process with a reaction time of about 

0.5 ms is responsible in almost all the cases, Wentworth et oi (18) 

observed a similar peak in their studies and attributed it to a 

different process of loss for the positive ions in the cell. At 

short pulse periods the ions are collected at the cathode but at 

long pulse interval, they are lost through flow out of the cell. A 

different electron concentration would hence be reached at steady 

state and the curve would exhibit a distinct 'jump' from one level 

to another. The maxima has been observed mainly when less efficient 

ionisation sources have been used; Wiel and monmassen 2?) using a 

10 mCi 63n5 source did not observe such a peak. It seems that loss 

of ions through flow out of the cell becomes significant only with 

lesser electron input sources. 

4.9 prasesce or 6 arm 10 DY CARRTER GAS 

The ECD response to a capturing species depends upon the 

physico-chemical properties of the sample molecules, Yor a weakly 

electron capturing compound, the response is linear when the elect— 

ron - molecule reaction takes place under conditions which ensure 

that the detector is operating in the pseudo-first order meet 

This is the case when the semple concentration greatly exceeds that 

of the electrons, ie. with a less efficient ionisation source giving 

a low saturation current. For strongly electron capturing compounds 

a linear response is observed when the electron concentration with— 

in the detector exceeds that of the sample molecule concentration. 

Nearly all of the sample input is ioniseds a high d.c. saturation 

current (108 A) is necessary for this to occur. 

A considerable body of information on molecular electron 

affinities indicate that the negative ions formed are often far 

too stable for the reverse reaction to occur (ie. electron detach-
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ment) (26) As stated in section 3.1, at ordinary temperatures, a 

very small fraction of gas molecules possess sufficient translation- 

al energy necessary to detach an electron from a negative ion. Thus 

the formation of negative ions can be considered to be proceeding 

only in one direction, ie. as a rate process, ‘this point was 

further considered by Burdett(32) who showed that the detector does 

respond to the geometrical cross section of sample molecules when a 

coup of organic compounds of the same type is considered, The 

electron detachment rate, depending on the electron affinity and act~ 

ivation energy has a much smaller effect in comparison, 

In order to check these conclusions, the effect of small 

concentrations of Ure in helium was investigated. ‘The sample was 

placed in a saturator = a U — shaped glass vessel (Fig. 43) with a 

sintered glass disc in the wider, gas outlet side to support the com- 

pound and effect better mixing of the carrier gas with the vapour of 

the compound. ‘he saturator was placed in a flask containing dry 

ice. A knomm variable fraction of the carrier gas passed through the 

saturator and was pre-mixed with the main stream before entering the 

detector. 

Fig. (44) shows the current variation with pulse interval 

for pure helium and helium containing different concentrations of 

Ug. At short pulse periods, the current approaches the same d.c. 

saturation current in all cases ~ an indication that all charged 

species present in the cell are collected. The presence of differ— 

ent concentrations of sample in the carrier gas is consequently more 

apparent at long pulse periods, ie. between 0.5 and 1.5 ms. ‘The 

graphs of Ne versus + (Pig. 45) exhibit an anomalous behaviour; 

the number of electrons collected per pulse decreases very steeply 

at long pulse interval instead of reaching a steady level as in the 

pure gas. Dissociative electron attachment (UF¢ + es + F)
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FIG.43 

5. — (cae mesa aime ia 
Flow 

sintered as 
glass disc     

SATURATOR USED FOR INTRODUCING SAMPLES IN CARRIER GAS      
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leading to an highly capturing species as a product may well be 

responsible for this observation, 

The flow rate which is inversely proportional to the con— 

centration of Urg introduced, varies linearly with Ne (Fig. 46). 

Hence, a linear relationship exists between detector response and 

sample concentration. Basing the calculation on Lovelock's 'stirred 

reactor modelt, the capture rate constant for UFs is about 5.1 x 10714 

3 : seo. Table 7 shows the values obtained with two cm” molecules 

different sample concentrations. In comparision to the capture rate 

constant for SF (epproximately 2.5 x 41077 om? a7’) the value obtain- 

ed for UFg is very small. Stockdale and compton‘©3) have shown that 

direct electron attachnentin UFg is absent and this probably explains 

the low capture rate constant. 

The need for a carrier gas free of electron capturing im~ 

purities has always been recognised, The presence of trace levels 

of oxygen in the carrier have been shown (59) to reduce the standing 

current to less than half its maximm value. However, the presence 

of water has been a controversial issue as both its effects and non~ 

effects have been eae). It is of practical importance to 

know its effect on the ECD response as many GLO samples are either 

prepared or present in an aqueous media. The presence of small 

quantities of water vapour in the detector may also facilitate the 

determination of the electron-ion recombination coefficient for 

H,0" don. 

The apparatus used for the purpose was the same as that 

described for the introduction of Ul in the carrier gas stream, The 

saturator was filled with 10 om? of boiled distilled water and a 

fraction of the gas stream was bubbled through it. With the sat- 

urator at a temperature of 0.5°C, the amount of water vapour present 

(= 4.75 mm. Hg. pressure) reduced the standing current by 25%. To
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VARIATION OF Ne WITH GAS FLOW RATE THROUGH SATURATOR CONTAING Urs 
    
 



  

TABLE 

CAPTURE RATE CONSTANT FOR Ug A? DIFFERENT SAMPLE CONCENTRATION 

  

  

  

PSEUDO PPURE 
FLOW RATE CONCENTRATION | RECOMBINATION nine cosa 

_ COEFFICIENT 4 : 

2.9 em s~! | 5.8 x 10'Scm3]2.96 x 10? 87? | 4.92107 Momdam! 

ft 
2.3 cm ope! biGee 10 one) 3.47 x 10? 5-1 5.12107 4em?s qt           
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decrease the concentration further, a mixture of sodium sulphate 

(anhydrous + decahydrate) was used instead, Equilibrium established 

between the two states at different ouperetnuea ce) gives varying 

H,0 vapour pressure and is expressed by 

log P = - se + 10.7866 

where P is the vapour pressure in mn. of Hg and 7 is the absolute 

temperature. Giacetane 0) points out that a salt-hydrate system 

requires the presence of two solid phases in addition to vapour; the 

vapour pressure for the system is then definite and independent of 

the relative amounts of the two hydrates. In Na, SO 2 oe 
ration proceeds gradually to completion without the appearance of 

the dehyd- 

intermediary hydrates. 

To saturate the carrier gas with water vapour, it was allowed 

to filter through the salt mixture. Also for conditions to normalise 

in the detector, the gas was passed through the cell for about 3 hours 

before taking the first readings. Al, 9; traps at the end of the gas 

line confirmed the presence of water vapour in the carrier gas stream. 

Pig. (47) shows the variation of Ne with the pulse interval. 

It is clear from the graph that G.C. operators working at a pulse in- 

terval of about 500 ps would observe a negligible change in the stend— 

ing current at very low water vapour concentrations, The effect is 

more pronounced at long pulse periods, ‘he observed variation is 

very similar to that reported by Wiel and emmeasen 7) for the pre- 

sence of oxygen in the carrier gas stream. ‘They also noted that water 

concentration in their investigation was 3 p.p.m. and that although el- 

ectron attachment in water is negligipie ©), reference has been made to 

electron capturing properties of waterscloe Karasek and Kane (68) , using 

the technique of plasma chromatography have identified (H,0)n 05 and 

(#,0)n H* as the predominant ions when trace amounts of air is present 

in the carrier gas. The formation of positive species in nitrogen cont- 

aining small concentrations of water vapour have been studied by Good
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et ar, (69) Based on their schematic outline of the reactions 

occurring, the following step reactions can be proposed for moist 

helium: 

Hes + 1,0 ———> H,0° + 2He 

H,0° + Ho——> #0" + Of 

H,0° 

It appears that both in the present work end in Tommassen's 

+ 10+ He —>x* (%,0)) + He 

the predominant negative ion is (H,0)n 05» thus explaining the 

similority in the observations made. 

The capture rate constant (K,) for the water clustered 

oxygen ion is estimated to be about 1 x 40713 ew? s@'. As in the 

ease of UFg, the calculation is based on Lovelock's stirred reactor 

moder (42) and properties of the holomorphic function; ka * 2m 10° 

gn) and G = 2.15 100° molecules em”? (for Pino = 0.62 torr), 

whereby k, eS ky /C. The value obtained is of the right order of 

magnitude when compared with that given for oxygen by istea, (22) 

A systematic series of investigations of the ionisation in 

pre-mixed Hy + 95 + Ny flames has been made over a considerable 

perinanioe 71) In the presence of even a small hydrocarbon impur— 

ity, the main positive ion produced is 5,0". It is also a major 

ion (besides not) in the lower levels of the ionosphere. At atmos— 

pheric pressure, the recombination coefficient for 

#0" +e > 0 

has been found to be 2.2 21.0 x 107! ea? le This value was 

obtained by Green and sugden(72) from measurements made in flames 

at temperatures around 2000 K. There is some controversy as to 

whether the recombination coefficient for #0" is temperature dep— 

endent or not. The proposed model for the ECD does allow the
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rate constant to be evaluated from the response observed when small 

amounts of water vapour are introduced in the carrier gas at room 

temperature, Helium was chosen as the carrier gas because of its 

wery low recombination coefficient. 

The positive ion mobility can be assumed to be about 4 one 

vl 67!, por the slightly heavier negative species, (H,0)05 , the 

mobility has been reported to be about 2.9 ene y! ac (68) | The 

mean value for the 'Gaines factor', R, is then 1.90 x 40°, The 

value of Ne at s = 1.3 ms is 6,3 x 10° electrons per pulse for the 

case where the water vapour pressure is 1.7 torr, ‘The recombinat— 

ion coefficient, ky, for HO" (presumably) is 3.6 1.0 x 106 

om? a calculated from iq. [45] . 

Measurement of the rate constant at different flame temp~ 

eee) showed that it had little or no temperature depend- 

ence, However, as pointed out in section 3.2, Thomson's theory of 

three-body ecantina tion 5) predicts a go 3/ - dependence at gas 

pressures between 700 and 1000 torr. Jensen and Padley (82) have 

shown that the recombination coefficient for reactions involving 

alkali metal ions and electrons is temperature dependent in accord— 

ance with Thomson's theory. Hastea (22) too, points out that re- 

combination processes involving inert gas ions (ate5 and 4x5) and 

electrons show a gl - dependence but only at higher electron tem- 

peratures. The possibility of 10" behaving in a similar way was 

thus. considered, 

Using Green and Sugden's value of the recombination coeff— 

icient ar 2100 x72) and assuming a power dependence of (~3/2) for 

the temperature, the recombination rate constant for Hot ion at 

300 K would be, 

Ro freq (262 = 107!) om? a? [3 | me 
2100K 

6 = 4.1%10° om 971



This value compares very well with that obtained in the present 

study. Hence, the rate constant for the reaction 

oe 
230 

appears to be gl 2 power dependent as with other electron ~ ion 

+ e'———> 10 + H 

reactions indicated above.
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CHAPTER FIVE — EXPERIMENTAL VERIFICATION OF ASSUMPTIONS 

Many of the assumptions made in theoretical models of the 

ECD (outlined in section 3.3) have been justified to some extent 

on the basis of information obtained from experiments where para 

meters of the applied voltage source were varied. Other experi- 

mental methods, to confirm these assumptions, were investigated. 

Sele OSCILLOGRAPHIC STUDIES 

Electrons resulting from ionisation of gas molecules are 

assumed to be highly energetic initially but to lose energy rapidly 

upon collisions until their average energy is thermal. Calculations 

(18) of the time taken by electrons to reach thermal energy show 

that it is well within the normal applied pulse time. An oscillo- 

scope trace of individual current pulses could provide further in~ 

formation. 

The circuit (Fig. 48) used consisted of two cells of 

identical. geometry connected in parallel. However, only one cell 

was equipped with a radiation source; the other cell, with two 

plane electrodes, acted as a dummy to offset any capacitance effect 

arising from the cell body. Rectangular pulses were applied to 

both and the resulting signals were fed into an oscilloscope with 

a high gain differential amplifier. ‘The oscilloscope was Teleequip— 

ment's model 43 equipped with type B amplifier. 

It was not possible to amplify sufficiently the output 

signal obtained under normal operating conditions, ie. w = 5s 

and s = 1ms. Hence, traces were obtained under the following 

pulse conditions: w=8ms, s = 98 ms and V = 30 Volts. Photo~ 

graphs one to six show the observed current pulse when the cell 

separation is increased from 0.2 cm, 0.65 cm, 0.85 cm, 1.05 cm and
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OSCILLOSCOPE TRACES OF CURRENT PULSE 

    

electrode sepa 

    
    electrode separation) =



  

electrode separation= 0.65cm 

    
FOUR: electrode sep 0. 85cm    



  

PHOTOGR: FIVE: electrode sepé 8 

  

atiom = I.05cm 

  
    electrode separat



We 

1.45 cm. The gas flowing through the cells was nitrogen at a flow 

3 rate of 3.6 cm ane The Y - base was set at 5 nV ene! and the 

time-base sweep was 5 ms en! for all cell separations except 

1 = 0.2 om where the Y-base wos 10 mv om’, 

The effect of decreasing the pulse width from 8 to 1.9 ms 

was to shorten the width of the output pulse. The initial peak 

was not affected, The height of the observed pulse began to de= 

crease when the pulse amplitude was lower than 20 Volts (at 1 = 0.85 

em). 

The height of the pulse represents the current flowing 

through the circuit. Table 8 compares the measured current with 

that calculated from the pulse height at various inter~electrode 

separations. The input resistance of the oscilloscope was 10 Ma . 

The height cannot be measured accurately when the top of the pulse 

is not horizontal and consequently there is a small difference in 

the magnitudes of the two currents. 

The photographs indicate a very short delay time and a rise 

time of about 0.26 ms. This is quite small (3.2) when compared 

with the applied pulse time, Hence, the current pulse can be said 

to be rectangular indicating that the electrons collected are of 

similar energy. The top of the pulse represents the time of arrival 

of the slowest electrons. A more rounded pulse would have indicat- 

ed a broad energy spectrum for the electrons in the cell. ‘The time 

constant of the circuit, calculated from photograph 2 is about 1.8 

ms which is sufficiently long to allow collection of slow electrons. 

The oscilloscope traces show that the electrons have a reasonably 

narrow energy distribution; the average energy is likely to be 

about thermal. 

As stated earlier, the width of the current pulse decreased 

as the applied pulse time was made shorter. Only at very small pulse



TABLE 8 

COMPARISION OF THE MEASURED CURRENT WITH THAT CALCULATED FROM 

THs PULSE HEIGH IN PHOTOGRAPHS 1 - 6 

  

  

  

  

  

  

  

  

PHOTOGRAPH PULSE CURRENT (x10710 A) 

NUMBER HSIcEr CALCULATED MBASURED 

1 0.55 cm 1.40 1.40 

2 1.05 om 5.25 5.20 

3 1.23 om 6.15 5.85 

4 1,10 om 5.50 5.60 

oi 1.05 cm 5025 5-40 

6 0.95 cm 4.15 4.95             
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width (<1ms), did the height of the current pulse decrease, This 

would seem to indicate that all electrons present in the cell are 

collected as they only require a few microseconds to traverse the 

cell. As a first approximation, electrons farthest from the anode 

(10 mm, avay) would only take about three times the time taken by 

electrons closest to the electrode to be collected, Hence, the 

collection of charged particles is completed in the initial upsurge 

of the observed current pulse. 

Output pulses from a circuit consisting of a coupling cap~ 

acitor and an input impedance (Fig. 49) have similar characterist- 

ics to the current pulses observed in the present study, ‘The tail 

of the electron pulse represents the natural decay of the RC net— 

work at the amplifier freee) The coupling capacitor determines 

the tilt or droop of the horizontal section of the waveform, seen 

in the photographs. If the input voltage pulse is Vi and the output 

voltage Vo, then the two are related by, 

vee) GVO Ee vo. 
at at RC 

For a rectangular pulse input, the solution of the above equation is 

Vo = V- exp ~ (W / RC) where V is the applied pulse amplitude and W 

it the pulse width. (74) The above equation predicts a larger output 

voltage with increasing values of RC. Consequently, the tilt of the 

decay curve becomes increasingly horizontal. Hence, photographs of 

the electron pulse taken at small cell separations (0.2 and 0.45 om) 

exhibit steeper decay curves than those taken at longer electrode 

spacings (0.65, 0.85 and 1.05 cm) where the charge density is high. 

The oscilloscope traces have provided further data on the 

state of the electrons in the detector and have also aided in the 

interpretation of the measured current.
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FIG. 49 

DIFFERENTIATING CIRCUIT AND CULPUT PULSE 
  

   



5.2 PROBS STUDIES 

The difference in electron and ion mobilities has been held 

responsible for the large excess of positive ions in the ECD. 

Kinetic analysis of the processes occurring in the cell becomes 

meaningful only when the concentration of positive species is consid- 

ered to be about a thousand times greater than the free electron con= 

centration. An attempt was thus made to determine the positive ion 

density in the cell using electrostatic probes. 

Experimentally, electrostatic probes are simple devices con— 

sisting merely of an insulated wire (platinum) used with a d.c. 

power supply and an ammeter (Fig. 50). However, the theory of probes 

is extremely complicated. The difficulty stems from the fact that 

probes are boundaries to a plasma, and near the boundary the equations 

governing the motion of the ions in the plasma change their character. 

The current drawn by a probe is a function of the charged 

species, the number density, the applied potential and local conditions 

around the probe surface.. Fig. (51) shows the current-voltage graph 

obtained with a double~probe system. It has three distinct regions : 

a REGION AB 

At lerge negative voltages, the current is relatively insen— 

sitive to the applied voltage and corresponds to positive ion satur~ 

ation on probe 2. All electrons are repelled and an ion sheath surr- 

ounds the probe. 

db REGION BC 

A transition region close to zero applied potential where the 

current changes rapidly with voltage due to the ability of electrons 

to approach both probes. (79) As the probe voltage is made less neg~ 

ative, some of the high energy electrons penetrate the ion sheath 

and reach the probe. The less negative the voltage relative to the
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FIG.50 

CIRCUIT DIAGRAM FOR A DOUBLE PROBE SYSTEM    
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plasma, the more electrons will have sufficient energy to overcome 

the retarding field. ‘Thus, the current steadily increases. 

ce) REGION CD 

A region at large positive voltages where the current is 

relatively independent of the applied voltage and corresponds to 

negative charge saturation on probe 1, If the probe voltage is 

made positive relative to the plasma, electrons are accelerated to- 

wards the probe. Near the probe surface there is therefore an 

excess of negative charge, which builds up until the total charge 

is equal. to the positive charge on the eranene io) 

Johnson and Malter(7) developed the double probe technique. 

The operation of a double probe system is governed by two factors : 

i. Kirchhoff's law that the total net current drawn by the 

probes is zero, ie. the electron current collected by the 

probes is always equal to the total positive ion current 

collected by them. 

iy The electron current to each probe is governed. by the Boltz— 

mann Lawe 

At high pressures () 1 mm Hg) a positive ion experiences 

many collisions with neutral molecules within the sheath surrounding 

the probe. Under these conditions the mean free path for the charged 

species is very much smaller than either the Debye length or the 

probe diameter. The effect istwo fold: first, the motion of the 

ions within the sheath becomes mobility controlled and secondly, a 

fraction of the ions entering the sheath is lost from the sheath due 

to the scattering. 

The theoretical treatment of Su and tan‘78) has probably 

had the widest application to probe theory in high pressure, coll— 

ision dominated plasmas. They determined the charge distribution
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about a spherical probe using the continuity equations together with 

Poisson's equation making no assumptions regarding the presence of a 

boundary layer sheath, 

A quantitative analysis of the results obtained has been 

made, using three different theories developed by poteore (2) using 

electrostatic probes to measure positive ion concentrations in flames. 

Conclusions reached have to be treated with caution as it is assumed 

that the theories are generally applicable, 

The circuit for the double probe system used is shown in 

Fig. (50). Current was measured on an AVO 1388 B d.c. amplifier. 

The ECD was not part of the probe circuit. Hach probe consisted of 

a platinum wire enclosed in a glass tube (0.128 in. in diameter). 

The end of the wire was turned into a sphere of radius 2.9 x 4074 

m. Care had to be taken to ensure that the two probes had very 

similar areas. Studies were made with a slow flow of nitrogen 

through the cell and a fixed inter-electrode separation of 0.5 cm. 

Fig. (51) shows the current-voltage plot obtained. Analysis of 

results is as follows : 

1) TRAVERS AND WILLIAMS aprroaca (75) 

Qne assumption needs to be made; at high pressures, the 

positive ion current density reaching the edge of the sheath layer 

surrounding the probe is equal to the positive ion random current 

density in the plasma. 

Within the sheath, the positive ion current, ip, at a radius 

ris given by, 

- 2 ip = -4ATr xr” Ney,x 

where, N+ is the positive ion density (n> ) and }i+ is the mobility 

of the positive ion. Substitution of Poisson's equation for charge 

density gives,
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CONE ones ip 

ax zr dr 4M f+ €or” (av/ax) 
  

  

Integrating once and applying boundary conditions that av/dr = 0 at r= 

a (the sheath radius) leads to, 

: ee 
V =l oar ee [2 a [a] 

As no analytical solution of the above integral has been found, a 

numerical integration was performed between the limits r=a and 

r= 3, for a range of values of the ratio a/ Yp where rp is the 

probe radius. To facilitate this, the integral was made non-din— 

ensional by means of the substitution x = v/a. Making this sub- 

stitution the above integral becomes, 

4] 

a ue G Lae ne 
3 x t/a 

where n = 2 fe 5 Equation [47] can now be written as, 

J 1/2 4/2 
vp = (2 ) Gi) [43] 

6 TT f+ Eo 

where Vp is onset potential for saturation curzents and 

1 
33) 1/2 Ils ego ax 

A/a 
x 

At Vp = 130 Volts, the positive ion current, ip, is the sum of the 

currents to probe 1 and 2, ie. 

ip = ip, + ipp = (1.10 + 1.38) na 

= 2.48 nA 

Hence (Ca /°) = 0-54, caloulated fran Eqe [43] . The value of
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1/2 
&@ can be obtained from a graph of (A I) versus a, Table 9 gives 

the values of I and @, calculated from the probe radius. The value 

of a when (Ia 1/2y = 0.54 is 3.18 x 40 m. The time for an un 

scattered positive ion to cross the sheath is given by, 

ee 
+ Vv. 

D Dd 

= 2.38107 as. 

The positive ion current, ip, can be expressed by, 

a2 

aie ee 0] 
where Jr is the positive ion random current density; OC is the scat— 

tering coefficient (tore™!) and P is the gas pressure. The value 

of X& calculated from the collision frequency, Vc and t+ is, 

X=NVet+ = 2.29x 1074 tore! 

at atmospheric pressure. ‘The random ion current density, Jr, cal- 

eulated fron Eq. [49] is 2.27 x 407 a Jr can alternatively be 

expressed by 

Jr =e N+ (aR) 

where T+ is ion temperature (equal to the gas temperature) and M+ 

is the mass of positive ion (g*). Hence, 

200 Me 2 Ix 
K tH eo. Te = ( 

M = 1.70 x 109 om? 

2) SU_AND LAM APPROACH 

The theory allows the determination of positive ion concent—
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TABLE 9. 

NUMERICAL VALUES OF THE INTRGRAL I FOR VARIOUS VALUES OF a/rp 

  

  

  

  

  

  

  

  

  

n I a =n x al/2 

1 ° 2.90 x 1074 m 0 

2 0.770 5.00x 104 m | 1.86 x 10° 

3 1.734 8.70 x 10+ m | 5.12 x 107° 

4 2.722 11.60x 1074 am 9.28 x 1072 

5 3.116 14.502 107 m | 1.42 x 107! 

6 4.713 17.40x 107 m| 4.97 x 107! 

8 6.715 23.20x 107* im 3.24 x 107! 

10 8.716 29.0x 1074 m | 4.70 x 107!         
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ration from the measurement of positive ion current dravm by a 

spherical probe operated at plasma potential. This is the potential 

where no sheath exists and hence the probe is at the same potential 

as the plasma. In the absence of any electric field at this point, 

charged particles migrate to the probe purely because of their 

thermal velocities. The plasma potential corresponds to that point 

on the graph (Fig, 51) where the regions BC and CD meet. The xel- 

ation that expresses the positive ion concentration is, 

yw + 
= I*/ (41x De) [50] 

where D* is the positive ion diffusion coefficient and I’ is the 

positive ion current at plasma potential. The values are 3 

BP = G12 e400) momar (or We) Ot) eng r= 1:65 ak et 

Ve= -162 Volts. Hence, the ion density is 4.56 x 10'! on™, 

3) BOHM, BURHOP AND MASSEY'S approaca (76289) 

In the case of spherical probes and in the limit A « tp? 

re = nt ¥ Ap 3re@ 
4 42, [51] 

fhe mean free path,A, (= 1076 em) is very much smaller than the 

probe radius, =y— (ON en. V is the average magnitude of the 

thermal velocity and is calculated from the kinetic theory. ‘The 

probe area, Ap = 477 ny r* is as defined previously. The pos 

itive ion concentration is given by, 

3 Viz, Ae 

Rr = 409010!" cord 

The Travers and Williams approach has been found to give a 

value of N+ one or two orders of magnitude higher than that obtain-



ed with other tusoriese + (2) There is very good agreement between 

the other two values obtained and hence the positive ion concent~ 

ration in the detector (for nitrogen) can be said to be about 4.7 

0! 3 10 
x1 em”. A typical current density of about 10 ~ A gives . 

an electron concentration of 1.6 x 10? on, Hence, the Gaines 

2 
factor, as the ratio of positive ions to electrons is 3 x 10°; 

this is comparable to the mean value of R (3.4 x 10°) calculated 

from the values given in Table (6). 

5-3 FLOW OULLE? CURRENT 

Carrier gas flow has been considered to be a plausible 

mode of lass for positive ions in the cell. It would lead to an 

increase in free electron concentration as losses through volume 

recombination diminish, The time constant for removal of ions 

through flow is comparable to that of other processes responsible 

for the loss of positive ions from the cell (as show in section 4.6). 

Wentworth et ai., (18) assumed that there was slow removal of mat- 

erial from the detector by flow of the carrier gas. They attributed 

the observed peak in the graph of (Ne versus s) to a change in the 

mechanism by which positive ions were removed from the detector. 

Lyons et al., (29) suggested that the concentration of positive ions 

was inversely proportional to the gas flow rate. However, no exper= 

imental evidence was presented in either of these studies and so 

an attempt was made to verify experimentally whether carrier gas 

flow was a possible mode of loss for positive ions in the cell. 

An electrometer was connected to the gas outlet which as 

described in section 4.1, was a brass tubing threaded half way 

through the cell body, The electrical contact was insulated by a 

PIFE sleeve. An external source of potential was not included as 

this would have introduced additional difficulties in interpretat-



146 

ing the current. The electrometer was thus floating, ie. it could 

assume a potential positive or negative with respect to the cell 

potential. The ECD was operated in the normal way and its response 

was not affected by the current measured on the gas outlet. 

Figures (52) and (53) show the variation in this current 

with d.c voltage as applied to the detector. The cell length was 

also varied. It is to be noted that a high ges flow rate (4.7 om? 

oe) was used in these experiments. The current measured on the 

gas outlet is a function of the applied potential as an electric 

field exists between one of the cell electrodes and the gas out~ 

flow tube. Hence, at low potentials, the current increases and 

when at high potentials the current flowing in the ECD circuit reaches 

its plateau value ( indicating the collection of all charged species 

in the cell), the current measured on the gas outlet decreases. 

The decrease in the field intensity between one of the celd electrodes 

and the gas outflow tube is also responsible for the observed decrease 

in current (at a given voltage) with increasing inter-electrode spac- 

ing. At cell separations greater than 1 em, the polarity of the 

electrodes seems ta be reversed and consequently the sign of the 

current changes. 

The current measured on the gas outlet also varied with the 

carrier gas flow rate (Fig. 54). The graph shows that at low flow 

> rates (20 cm’ nin’) the current measured is very small but it in- 

3 min’. In the pulsed creases ten fold when the gas flow is 180 cm 

mode, at short pulse periods, the current increases steeply to a 

maximm; thereafter it declines gradually to a steady level at long 

pulse interval. 

The current measured on the outflow tube could either be due 

te electrons or positive ions being removed from the cell by carrier 

gas flow. It cannot be the former because, as Lovelock 42) has
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VARIATION OF CURRENT (MBASURED ON GAS OUTLET) WITH DETECTOR VOLTAGE   
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VARIATION OF CURRENT Q@ASURED ON GAS OUTLET) WITH DETROTOR VOLTAGE   
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pointed out, the residence time of electrons within the detector 

is too shoxt for a sensible proportion of them to leave the cell in 

the carrier gas stream, The magnitude of the measured current (10712 

—14 
to 10 A) is also rather large for it to be an 'electron current. 

The directional drift imposed on the positive ions by the applied 

field does not significantly alter the residence time of the ions, 

Their velocity will be comparable to that of gas molecules and hence, 

the observed current is probably due to the removal of positive 

species from the cell by gas flow. It can also be concluded from 

Fig. (54) that at short pulse periods and in the d.c. mode both neg— 

ative and positive species contribute to the ECD current and at long 

pulse periods there seems to be a steady removal of positive ions 

from the cell when the gas flow rate is high,
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CHAPTER SIX - CONCLUSION 

During the past fifteen years, a fundamental understanding 

of electron capture detection has been gradually developing. ‘This 

study has been a further attempt to relate the detector's response 

to operating parameters and also to detector characteristics. The 

instrument's potential use as a means of investigating electron— 

ion processes at normal temperature and pressure has also been put 

to test. A theory of the detector has been developed to assist in 

this account and to generally predict the observed signal. 

A detector of cylindrical geometry with variable electrode 

spacing enabled the depth of the reaction zone to be determined. 

Results obtained with a 35 source supported the normally accepted 

value of about 9 mm. for the range of a particles. With 3g 

sources, the reaction zone seems to extend to about 6.5 mm. from 

the source and hence does not support the value of 2m. quoted by 

Wentworth et. at.” The yange-energy relationship showed that the 

range of average energy p particles is about 2m. However, in 

the ECD, it appears that high energy Beta particles are responsible 

for ionisation, thereby extending the reaction zone to about 6.5 mn. 

with the normal carrier gases flowing through the cell. 

She gas pressure is expected to alter the range of P” par- 

ticles and consequently the plasma volume and the degree of ionis= 

ation. Results obtained confirmed theoretical predictions that the 

current should vary linearly with gas pressure when the range of 

P” particles is greater than the cell length (at very low pre- 

ssures) and be independent of pressure when the electrode spacing 

exceeds the path length. 

Studies carried out with two sources of different activit- 

ies (500 mCi and 150 mCi 3x) showed that the ratio of the observed 

currents for the two foils depended very much on the characteristics
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of the applied potential. In the pulsed mode of operation, at long 

pulse interval, the rabio was nearly the same as that of the two 

activities but at short pulse period and in the d.c. mode, the 

current ratio was about one half the theoretical ratio of the act- 

ivities. Strong space charge effects, under the latter conditions, 

could probably be responsible for reducing the current from the 500 

mCi source. 

The carrier gas flow has been shown to have two effects on 

the processes occurring in the cell. Firstly, a high gas flow rate 

tends to diffuse the plasma and hence effect better mixing; second-- 

ly, it seems to remove positive ions from the cell at a steady rate. 

The current variation with electrode spacing in a cell of assymmetric 

configuration showed that even at large electrode separations 

(> 1 em), the current remained very close to its maximm value. 

This would seem to indicate that the vortices in the flow pattern 

have dispersed the charged species over a much larger volume than 

the space in the vicinity of the cathode and consequently more 

charges were collected during the applied pulse time (jy). 

The residence time for gas molecules, at high gas flow rates, 

has been shown to be comparable to the time constants for processes 

removing positive ions from the cell, ie. volume recombination and 

surface recombination at the cathode. Uxperimental evidence includ— 

ed the measurement of a current on the ges outlet. This current 

was inferred to be due to positiveims since elect rons could not 

be removed from the cell as their residence time is too short for a 

sufficient number to leave the detector and thus account for the 

measured current. At long pulse interval the current on the out— 

flow tube reached a steady level, possibly indicating a constant 

removal of material in the high flow region, where the ECD standing 

current is independent of carrier gas flow.
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Analysis of the current variation with flow of carrier gas 

is complicated by the presence of a capturing impurity in the gas 

line. Besides enhancing the diffusion of the plasma and removal 

of positive species from the cell, a higher gas flow also decreases 

the concentration of the contaminant, leading to an increase in 

current. Large changes in standing current with gas flow seem to 

indicate a predominant effect of the latter as a gas line suspected 

of leakage showed. 

The ECD was used in both the d.c. and pulsed modes of operation. 

In the former mode, the standing current has been shown to be prop~ 

ortional to We and inversely proportional to re at reasonably high 

gas flow rates ae 1 om? a es 

Kinetic analysis of the detector's response in the d.c. mode, 

based on the proposed model, has been attempted; however, the agree~ 

ment was not very good. It is difficult to make reasonable assunpt— 

ions concerning the various processes occurring in the cell under 

this mode as it has inherent sources of error: ‘the electron energy 

distribution is likely to be higher than thermal; a relatively 

dense space charge may oppose applied potential and absorption of 

material on electrodes gives rise to contact potentials. ‘he det— 

ector could also respond to other parameters of the sample besides 

electron attachment. The use of the detector in the d.ce mode, at 

least for routine chemical analysis, is to be avoided. 

The pulsed mode of operation was suggested by Lovelock (12) 

to avoid many of the problems faced in the d.c. mode. In literature 

porieve 00!) the interpretation of the detector response and the 

physical state in the cell under the pulsed mode, are often not 

clearly stated or even on occasions erroneous. 

The observed current is attributed to the collection of 

free electrons only and the contribution of positive ions is said
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to be negligible. Results obtained in the present study show that 

the current at small pulse periods does approach the d.c. saturation 

current. Hence, both electrons and positive ions are removed from 

the cell by the applied potential. If the pulse width is sufficient— 

ly long ( 1 to 5s, depending on detector geometry and size), all 

the free electrons in the cell are collected and an equal number 

of positive ions are neutralised by surface recombination at the 

cathode. Under these conditions, the observed current is a measure 

of the electron concentration in the cell. The current variation 

with pulse width and also with the applied voltage, exhibit a plateau 

after an initial increase. This would seem to indicate that all 

free electrons are being collected. Oscillographic traces of the 

current pulse tend to support this conclusion as well. They also 

show that the electrons have a narrow energy distribution. It seems 

likely that the average energy is about thermal, ie. ~ 0.03 eV. 

With the use of electrostatic probes, the positive ion 

density has been shown to he very much greater than that of the el- 

ectrons. In the pulsed mode, space charge effects are said to be 

minimised since charge separation occurs only during the short time 

the pulse is applied for. Studies of the pulse amplitude required 

for saturation current at various cell separations showed a potential 

trough similar to that observed under the d.c. mode. It seems that 

a space charge of positive ions is evident even under the pulsed 

mode. 

Measurement of current at various pulse widths allowed the 

electron deift velocity to be determined. Wentworth et. ar., (19) 

also found this to be the case. Velocities obtained in various 

gases have been tabulated. Agreement with literature values is good 

snd hence it can be concluded that the ECD has a potential use as 

a meons of determining electron drift velocities in various poly- 

atomic gases at low values of x/p,
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A theoretical model for the ECD is presented. The analy— 

sis is based on treating the detector as a system of rate processes. 

The significance and the necessary inclusion of a parameter for the 

build up of positive ions in the cell has been pointed out. The 

model also makes use of know values of electron-ion recombination 

coefficients and positive ion mobilities to predict the observed 

response, The theory developed so far shows an improvement on 

simpler approaches but still does not conform completely to experi- 

ment, notably in not predicting the maximum observed when Ne is 

plotted against the pulse interval, 

In the presence of small molecules, electron attachment 

leads to a decrease in free electron concentration in the cell. 

Studies investigating the stability of negative ions have showm 

that electron detachment is not a very likely process to occur at 

ordinary temperatures. Small concentrations of Ul, were introduced 

in helium as carrier gas in an attempt to study this phenomenon. 

The detector response, however, was difficult to interpret as dis~ 

sociative attachment seem to have occurred, 

To study the effect of water vapour on the ECD response, 

small amounts of 1,0 were introduced in the carrier gas strean 

SO The current de- or 

ereases with increasing concentrations of H0 and the effect is 

mare pronounced at long pulse periods. The electron attachment 

with the help of anhydrous and hydrated Na, 

coefficient has been evaluated, basing the calculation on Lovelock's 

stirred reactor model. (42) Also, the electron-ion recombination 

coefficient for the most likely positive ion (H,0") has been cal= 

culated from the proposed model. The rate constent's temperature 

dependency has also been discussed. 

Electron capture detection is a continuously growing field. 

Recently the ECD has undergone structural changes designed to make
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the detector response absolute and independent of the ambient 

variables of temperature and pressure for strongly electron cap- 

turing compounds. The coulometric ney (42984) consists of a 

metal tube about 5 cm. in length and a fine wire running down the 

centre of the tube, forming the anode. The radio-active source 

is 34 giving a saturation current of between 50 and 50 nA. An 

extremely high ionisation efficiency (about 93%) is achieved mder 

the following experimental conditions : 

i) high electron concentration in the cell, well in excess 

of sample concentration. 

ii) operation of the cell under the pulsed mode with s ) 150s. 

ait) low gas flow rate and a cell with a large volume, 

The limit of detection has been found to be 1 x 40713 g of SPs 

injectea, (85) Atmospheric halocarbons, CCL, CCL and. CCl, = 

CCly have been determined by this Pechraine co) 

Other developments have been the drift tube detector by 

Karasek and Kone, °8) the photo-electron capture distentonccl) 

(using an external photon source instead of the traditional radio- 

active source) and Horning et. al, °°) have coupled the ECD to a 

mass~spectometer. These developments emphasise the need to ident-— 

ify the species involved in various reactions taking place in the 

cell. 

This dudy has attémpted to solve some of the pressing 

problems faced in the normal use of the ECD. Assumptions made in 

previous theoretical models concerning the physical state inside 

the detector have been further justified on the basis of experi- 

mental evidence obtained. The detector's behaviour is not yet 

fully understood but because it is an indispensible instrument 

in today's trace analysis, further attempts have to be made to 

domesticate the detector completely.
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