
 

Ionization detectors in gas chromatography

Citation for published version (APA):
Krugers, J. F. J. (1965). Ionization detectors in gas chromatography. (Philips research reports. Supplements;
Vol. 1965 No. 1). Centrex.

Document status and date:
Published: 01/01/1965

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/84323d92-47a5-4b87-8274-83b2bdcd3775


SUPPLEME.NTS . 

··' 

. ' 
' . 

PH.ILIPS RESEARCH LABORATORIES 
' 

Philips Res. Repts Suppl. · 1965 No. 1. 
Prinml in the Netberlan<is 



IONIZATION DETECTORS IN GAS 
CHROMATOGRAPHY*) 

BY 

J. KRUGERS 

*) Thesis, Technologica! University Eindhoven, June 1964. 
Promotor: Prof. Dr. Ir. A. I. M. Keulemans. 



CONTENTS 

ABSTRACT 

INTRODUCTION 

1. SURVEY, MECHANISM, PROPERTIES 
1.1. Definition . . . . . . . . 
1.2. Methods of ionization 
1.3. Detection of ionizing radiation 
1.4. Ionization by the component to be determined 

1.4.1. Ionization chamber . . . 
1.4.2. Proportional counter tubes 
1.4.3. Geiger-Müller tube .. 
1.4.4: Scintillation detectors . . 

1.5. Absorption measurements 
1.6. Ionization by metastable atoms 
1.7. Electron velocity . . . . . 
1.8. Electron affinity . . . . . . . 

2 
2 
4 
6 
6 
6 
7 
7 

10 
13 
13 

1.9. Various ionization methods . . 15 
1.10. Ionization by atomie oxygen; the fl.ame ionization detector 16 

1.10.1. The flame . . . . . . . . . . . . . . . . 16 
1.10.2. CH + 0-+ CHO -r + e + ~ 0 kcal . . . . 20 
1.10.3. Pyrolysis and sensitivity to various compounds 22 
1.10.4. Construction . . . . . . . 24 

1.11. Other possibilities using a "fl.ame" . 29 
REFERENCES . . . . . . . . 30 

2. CONCEPTS AND V ARIABLES 43 
2.1. Survey . . 
2.2. Zero signal . . . . 
2.3. Noise ..... . 
2.4. Instability and drift 
2.5. Time constant . 
2.6. Sensitivity . . . . 
2.7. Detection limit .. 
2.8. Linearity, dynamic range, overloading 
2.9. Gas velocities . . . . . . . . . . . 

43 
43 
45 
47 
47 
50 
50 
54 
55 



2.10. Various quantities ...... . 
2. ll. Variables which should be quoted 
REFERENCES ...... . .. . 

3. PREPARATION OF A GAS FLOW WITH A KNOWN 

55 
55 
55 

AMOUNT OF IMPURITIES . . 57 
3.1. Survey of the usual methods 57 
3.2. Theory of the diffusion capillary . 58 
3.3. Construction of the diffusion capillary 61 
3.4. Results . . . . . . . . . . . . . . 64 
3.5. Discussion of the figures 3.4, 3.5 and 3.6 65 
3.6. Summary of possibilities 68 
REFERENCES . . . . . . . . . . . . . 69 

4. LOGARITHMIC GAS DILUTER . 70 
4.1. Principle . . 70 
4.2. Construction . . . . . . . . 70 
4.3. Possibilities . . . . . . . . . 74 
4.4. Results obtained with a flame ionization detector 76 
REFERENCES . . . . . . . . . . . . . . . . . 82 

5. LINEAR GAS DILUTION . 83 
5.1. Purpose . . 83 
5.2. Construction . . . . . 83 
5.3. Use . . . . . . . . . 86 
5.4. Applications and improvements 87 
5.5. Results . . 88 
REFERENCES . . . . . . . . . 90 

6. ELECTRONIC EQUIPMENT . . . . . . . . . . . . . 91 
6. l. Compensation of the zero current . . . . . . . . . . 91 
6.2. Indication of the injection time and time measurements . 94 
6.3. Semi-logarithmic attenuation . . . . . . . . . 96 
6.4. Setting of the recording potentiometer . . . . . 104 
6.5. Possible circuits for the flame ionization detector 105 
6.6. Tracking down faults 107 
6.7. Amplifier . 108 
REFERENCES . . . . . 109 



7. DETECTION WITH THE AID OF ATOMIC NITROGEN. 111 
7.1. Survey ...... . 
7.2. Atomie nitrogen . . . . . . . . 
7.3. The cyanogen radical . . . . . 
7.4. Determination of C, C02 and N2 
7.5. Cyanogen detector for gas chromatography . 
7.6. Results . . . . 
7.7. Improvements . 
REFERENCES 

NOTES TO REFERENCES . 

111 
112 
114 
115 
116 
121 
125 
130 

132 



Abstract 

A short description of the more important types of ionization detectors 
in gas chromatography is given. Their function is related to phenomena 
well known in nuclear radiation detectors. These, too, are dealt with as 
far as they are used in combination with a gas chromatograph. As this 
type of detection is not reviewed in the literature on gas chromatography 
the literature survey on this point in as complete as possible. The 
references are obtained from four different fields of information, namely 
gas chromatography (A), combustion (B), nuclear physics (C) and, 
partly, spectroscopy (D); A and B are combined to explain the ftame 
ionization detector qualitatively; A and D are used for the development 
of a new mode of detection, the cyanogen detector. A series of instru
ments for the testing of detectors has been further developed. A descrip
tion is given in such a manner that construction of them by a technician 
will be possible. In the same way a few electronic aids are dealt with. 
Results obtained with these instruments are given. The conclusions 
drawn are: (a) the fiame ionization detector is a nearly ideal detector; 
its simple operation seems to have excluded its complicated mechanism. 
lt is necessary to introduce the burning velocity, the width of the reaction 
zone and the presence of a radical CHO+. The efficiency of this detector 
seems to be determined by the competition between the oxidation of 
CH by 02 and the chemi-ionization by 0. (b) The importance of adjust
ment (e.g. for the dynamic range) of the gas velocities for the ftame 
ionization detector to optimum values has been underestimated. A large 
dynamic range appeared to demand a minimum critical value of the 
nitrogen gas velocity. It is therefore recommended to supply the detector 
always with a hydrogen/nitrogen mixture containing a minimum amount 
of nitrogen. (c) Detectors giving a Gaussian noise require . an amplifier 
with a variable time constant to provide the minimum detection limit 
for every peak width. (d) A logarithmic gas dilution system has been 
further developed ; its improvement was of great value in measuring the 
response of a detector as a function of the concentration of the com
ponent. This function gives also information about reaction mechanisms. 
(e) A detector using an excitation reaction instead of an ionization 
reaction may have better characteristics than existing detectors. A few 
prelirninary experiments have indicated the method which may be follow
ed to realize this . 



INTRODUCTION 

In chapter 1 of this thesis the various types of ionization detectors are 
described. Since the literature as yet contains no review article on methods 
using detectors which measure the radioactivity of the substances in question, 
an attempt bas been made to make the literature survey on· this point as 
complete as possible. The same is true of flame ionization detectors: no litera
ture survey dealing with the constructional requirements and the mechanism 
of the chemi-ionization has yet been published. In the survey given here, an 
attempt is made to explain the properties of this detector from a gas-chromato
graphic viewpoint. 
. The treatment of the "argon detector" is also given from a new viewpoint. 

Because there is much confusion about detectors with radioactive sources, an 
attempt is made to bring the various types under one head, in order to bring 
out the differences and the similarities as clearly as possible. For these various 
reasons, the literature survey of chapter 1 can claim reasonable completeness 
as regards the constructional side and the details of the underlying mechanism. 

The nomenclature in this field is still not quite uniform. The various concepts 
used are therefore defined more closely in chapter 2. The treatment of the 
relation between noise, time constant and retention time is new. It appears 
that it should be quite a simple matter to lower the detection limit. The noise 
of detectors with radioactive sources is explained with the aid of the statistics 
of radioactive decay. The results obtained are in good agreement with values 
given in the literature. 

In chapters 3 and 4, the measured characteristics of the flame ionization 
detector are discussed. The method of determining the best setting of the 
"flame" is described as clearly as possible, with reference to a description of 
the test equipment. A short literature survey gives other useful test methods. 
Chapter 5 describes another test apparatus. Measurements on this latter have 
not however come up to expectations. 

An attempt is made in chapter 6 to straighten out ambiguities and confusion 
in the literature on the subject of the auxiliary electronic equipment. Special 
attention is paid to the ways in wbich the flame ionization detector can be 
included in the measuring circuit. Some circuits which can facilitate work with 
a gas chromatograph are mentioned in this cbapter. 

Ionization does not in genera! give any information about the nature of the 



compound involved. Such information can however be obtained from the 
spectrum of the light emitted after excitation of the compound. In chapter 7 a 
practical method of applying this "philosophy" to gas chromatography is 
described. The detection limit in this case is found to be of the same order of 
magnitude as that of the ionization detector. Although the results obtained 
with the "excitation detector" are not yet completely satisfying, sufficient 
indications have been obtained to point out the way which must be followed 
to exploit the potentialities of this methop as fully as dossible. 



-1-

1. SURVEY, MECHANISM, PROPERTJES 

1.1. Definition 

Gas chromatography is a method of separation which gives a high resolving 
power, i.e. a good separation of related compounds. Just as in spectrophotom
etry the resolving power is improved by use of a more sensitive photodetector 
(which allows the use of a narrower slit), so does a more sensitive gas detector 
improve the resolving power in gas chromatography (by allowing smaller 
amounts of material to be detected). 

The separation produced must be observable; in a "sensitive" method our 
senses wil! not suffice for this purpose. Use of a detector is then required. If 
the separation is improved with small amounts of material, the resolving power 
can thus be increased by use of a "sensitive" detector. 

A detector transforms an effect which cannot be observed or quantitatively 
determined by our senses into a measurable signa!, which is usually also 
amplified. The signa! - often the reading given by a (recording) measuring 
instrument - can be observed visually and if necessary interpreted later. 

Jonization is the process whereby a neutral molecule or other particle splits 
two oppositely charged components. 

The combination naturally makes demands on both. Among other things, the 
gas fiowing through the chromatographic column should meet the demands 
made by the ionization mechanism used. 

Jonization detectors are much used in gas chromatography. They make use 
of the increased ionization caused by the substances to be detected in a suitable 
ionization cell, e.g. that caused by organic compounds in an oxygen-hydrogen 
fiame. The charge (or current) produced by this ionization is collected and 
measured. 

Ionization detectors are found to compare well with other systems (table 1-1) 
both because of their high sensitivity and because the charge produced is often 
directly proportional to the mass of the substance producing it over a wide 
range of concentrations. 

Against these advantages we have among other things the disadvantage that 
they normally give little information about the nature of the compound. The 
measurements are always relative ; comparison with a standard is thus required. 

Surveys of all the usual detection systems in gas chromatography have been 
made by e.g. Dijkstra ll05), Hardy and Pollard 1106), Machiroux 1116) and 
Schomburg 1120). Lovelock 1115) and Clark 1102) have published surveys of 
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TABLE 1-1 

SURVEY OF VARIOUS DETECTION METHODS (SEE REFS 1101-1116) 

quantity to be measured name 

thermal conductivity 
velocity of sound 

density 

double detectors which need calibration 

katharometer 
acoustic gas analyzer 

absolute double detectors 

gas-density balance 

single detectors which need calibration 
-----------.~ 

ionization 
light absorption 

volume 
number of 

"functional groups" 

see table !-Il 
photometer 

absolute single detectors 

Janak detector 
titration cell 

applicability 

wide 
very limited 

medium 

wide 
medium 

medium 
medium 

ionization detectors. The number of pages devoted to these detectors in text
books on gas chromatography is usually quite small. 

1.2. Methods of ionization 

The difference in ionization (or excitation) between a gas (mixture) and the 
same gas (mixture) "loaded" with another gaseous substance can be produced 
in a number of ways. The methods used are summarized in table 1-II. They, 
together with the apparatus used to test them, will be described in this and the 
following chapters, with special reference to the most important detector of 
this type, the ftame ionization detector. 

1.3. Detection of ionizing radiation 

The detectors numbered 1, 2, 3(a), 6 and 8 in table 1-II all work with reactions 
which always occur together in detectors for nuclear radiation. The only 
difference is that the stress is laid on a different reaction each time. We shall 
therefore start with a brief discussion of the effects taking place in a detector 
for ionizing radiation, with reference to Flügge 1206), Price 1208), Sharpe 1209) 

and Krugers 1207). 

The primary ionization is produced by the high-energy electron ({3) or a

particle itself. The electrons thus ejected from their atoms have enough energy 
to ionize other atoms in their turn. The interaction between the beta particle 
or secondary electron and the atom may bring the latter into a state where it 
has more energy (excited state). This extra energy is emitted as electromagnetic 
radiation after some time (I0-8 to lQ-3 s), or given up to another particle 
on collision. The lifetime of the metastable state and the number of collisions 
per unit time determine which process predominates. 



TABLE 1-11 

SURVEY OF IONIZATION DETECTORS WlTH PRINCIPAL DATA 

ionization name of detector reali za ti on ionization det. limit dynarnic d iscussed in nr 
(excitation) by yield < l: (I0-6 g/s) range section 

1 alpha/beta particle mass d. ionization chamber with 5.1010 10 2.107 1-5 
(cross-section d.) radioactive source 

2 metastable (a) argon d. (a) i.c. with r.a. source~ inert gas (a) 103 (a) 5.J0- 7 (a) 103 (a) 1-6 
(b) vacuum diode d. (b) electron tube as carrier (b) ? (b) 2.J0-3 (b) 104 (b) 1-9 

3 electron (a) electron-affinity d. (a) i.c. with short-range r.a. (a) 10 (a) 3.10-8 (a) 10 (a) 1-8 
(b) mass spectrometer source 

(b) high vacuum and electron (b) 103? (b) 1 (b) 105 lb) - 1 
gun ...,, 

4 atomie oxygen flame ionization d. H2/0 2/N2 flame J05 J0- 6 JOB 1-10 
1 

5 atomie nitrogen atomie flame d. spark discharge 107 5. J0-4 102 all of chapter 7 

6 photon photo-ionization d. photons from electric discharge 104 10-a ? -

7 heat photo-emission d. as flame photometer 10 10 J03 1-11 

8 substance itself radio-activity d. like any other detector of radio- - J0- 9 107 1-4 
activity 

- 10- 11 non-linear and non-repro-
(9) (nose) - - ducible, subjective (see ref. 

1913) 
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Both processes can give rise to secondary ionization if the energy transmitted 
directly or via a photon is sufficient. Ionizing radiation thus creates positive 
ions, electrons and photons. Roughly the same amount of energy is used for 
ionization and for photon formation; in other words, the energy used per ion 
pair formed is roughly twice the ionization energy, see Fulbright in Flügge 1206). 

The amount of energy lost by the high-energy electron per cm, and hence the 
number of ion pairs formed, depends on the number of collisions. This latter 
depends among other things on the amount of matter encountered by the beta 
particle, i.e. on the density if the sample thickness is constant. The influence of 
the nature of the substance is slight, see e.g. Friedlander and Kennedy 1305). 

Another way to look at the situation is to regard the collision probability 
as depending on the "cross-sectional area" of the molecules. This cross-section 
then determines the number of ion pairs. Other variables, such as variation in 
the ionization potential, can also be included in this quantity. 

After the passage of the beta particle, electrons and photons are thus left 
behind. The latter wil!, insofar as they do not give rise to further ionization, 
escape. The electrons are influenced by their surroundings in three ways. If an 
electric field is present, they will move in the direction of the anode, where they 
will recombine with a positive ion from the anode material. On their way to 
the anode they may meet various obstacles. They may encounter an atom or 
molecule (radical), and combine with it to form a negative ion. The chances of 
this happening depend on the electron affinity of the particle in question. They 
can also react with a positive ion to give a neutra! molecule. The probability 
of this recombination wil! be greatest at the spot where the electrons and 
positive ions are formed, since here the chance of collision is greatest. Naturally, 
the electrons also diffuse out of the ionized gas even in the absence of an external 
field. The diffusion velocity has been found to depend on the composition of the 
gas mixture, see Fulbright in Flügge 1206). 

These various effects leave the ionized gas witb a net positive charge. This 
space charge will move slowly (towards the cathode) because the diffusion rate 
of the positive ions is low. Because of their high mass, their mobility under the 
influence of the electric field is more than 1000 times le3s than that of the elec
trons. Table 1-111 gives a summary. 

1.4. Ionization by the component to be determined 

Here the alpha or beta particles come from an internal source. This is the 
case when the gas (mixture) is loaded with a radioactively labelled compound. 
In most of the cases mentioned in the literature, the labelling is done with 
carbon-14 and tritium. Both isotopes emit a relatively soft beta radiation, which 
cannot penetrate through matter very wel!; the detection system must then be 
constructed so that the substance to be detected is in the detector or at most 
only separated from it by a thin window. Various such detection systems are 



losses 

leave system 

recombination 

considerable recombination 

current in external circuit 

TABLE 1-III 

THE MOST IMPORTANT PROCESSES OCCURRING IN IONIZATION DETECTORS 

"particles" 

+- - - beta/alpha----+ 
metastable atoms and high-energy electrons 

1 

+- (photons) 
1 

+ _+ 
+ 

+-- nearly thermal electrons and + pos. ions ~· 

(space charge) 

.j, 
+-- negative ions 

+ 
~- collect at anode and cathode 

process 

absorption 

ionization 

(photo-ionization) 

"electron capture" 

diffusion 

motion in electric field 

remarks 

increases with increasing 
mass 

increases with decreasing 
ionization potential 

occurs in mixture of inert 
gas + substance with i.p. 
less than that of inert gas 

occurs with electro-negative 
compounds 

slower in pure inert gases 

quicker at higher field 
strengths 
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used in combination with a gas chromatograph, giving two signals simultane
ously (viz. also one from the "normal" detector). 

1.4.1. Ionization chamber 

The electrons formed by the ionizing radiation are removed as completely 
as possible by applying a sufficiently high voltage between the two electrodes 
of the ionization chamber. There are two main methods in use at present, viz. 
that in which an ionization chamber with a volume of less than 10 ml is 
used 1219, 1210, 1211) and that in which the ionization chamber has a volume of 
several hundred ml 1213). 

The small ionization chamber has the disadvantage that non-radioactive 
components normally give a small peak; this probably has something to do 
with metastable atoms. The advantage is the low background. The small volume 
also means that the flow rate of the gas need not be made unduly high in order 
to give a low transit time. The large ionization chambers do not exhibit this 
advantage if a diluent gas is used to reduce the transit time. This dilution allows 
them to be used with a great variety of carrier gases, to whose composition they 
will not be sensitive. This also means that non-radioactive components will not 
give a peak in this method. 

Nelson et al. 1213) state that with the latter method as little as 10 disintegra
tions per second of tritium can be detected . 

1.4.2. Proportional counter tubes 

The electrons formed by the ionizing radiation are accelerated in an electric 
field, thus gaining enough energy to cause further ionization. The final number 
of electrons is directly proportional to the original number. 

One disadvantage ofthis system is that the multiplication process is extremely 
sensitive to the composition of the gas mixture, which must therefore be kept 
as constant as possible. This is done eitller by dilution 1224), or by combustion 
to C02 and H20 followed by partial reduction to C02 and H 2 1223). 

One advantage of this system is that it allows a low detection limit. It is 
stated 1227) that a commercially available instrument can detect as little as 
2 disintegrations of tritium per second. 

1.4.3. Geiger-Müller tube 

The operation of this tube is practically equivalent to that of the proportional 
counter tube, but the electron multiplication is no Jonger limited . The resulting 
number of electrons is thus no longer related to the number created by primary 
and secondary ionization. This has the advantage that an easily measurable 
electrical signal is obtained. 

The operation of a GM tube is also dependent on the composition of the 
gas mixture (although less than in the case of the proportional counter). The 
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above-mentioned solutions for this problem are also found in the literature for 
this tube. Blyholder 1241) has suggested a method in which the substance to be 
detected is condensed on to the window of the counter tube by means of liquid 
nitrogen; the gas mixture ftows past the tube in this case, the latter having a 
permanent gas filling. This method however gives a poorer detection limit, while 
the activities of successive peaks are added. An elegant method, which is how
ever of limited applicability, is that of Gudzinowicz and Smith 1242), who use 
clathrates (compounds with a "cage" structure) containing radioactive Kr-85. 
If the substance to be detected is an oxidizing agent, it will oxidize the cage 
structure to pieces, and free the Kr-85 which can then easily be detected by 
means of a GM tube. 

1.4.4. Scintillation detectors 

Here it is not the electrons but the photons (table 1-III) which are measured, 
with a photomultiplier tube. By adding a slight amount of a suitable impurity 
to the scintillating gas, liquid or solid, the number of photons liberated can be 
made maximum. 

Most of the authors cited in the list of references used anthracene crystals 
as scintillators. The gas ftows past these crystals. Radioactive radiation from 
the gas which reaches the anthracene produces flashes of light in it, which are 
observed by the photomultiplier tube. These systems are relatively simple to 
construct, but the detection limit will be rather high, while the <langer also 
exists that a radioactive compound will be absorbed on the anthracene. An 
interesting variant is that of Karmen and Tritch 1252), who place the anthracene 
crystal in the column. Naturally, a glass column must then be used. 

Liquid scintillators are used if a very low detection limit is desired. Under 
certain conditions, the counting efficiency can be determined 1214). Both these 
effects are due to the fact that the fractionated scintillating liquid can be 
counted for as long as is desired after the gas-chromatographic separation has 
been completed. 

The collection of the radioactive components can be a problem. If a continu
ous-ftow system is used, the long <lead time should be taken into account 1210). 

1.5. Absorption measurements 

In the system which is often known as a "cross-section detector", use is 
made of an ionization chamber in which the ionization is caused by alpha or 
beta particles from an external source. The difference in absorption and 
ionization in the presence of a heavier component is then determined. Such a 
technique has been much used for mass measurements with the aid of radio
active isotopes 16°5). Deisler et al. 1304) described something like this for 
organic gases as long ago as 1955. 

The principle of the two possible measuring systems is shown in fig. 1.1. 
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Fig. 1. 1. Set-ups for detennining mass differences in GC by means of absorption and ionization 
measurements with absorption and detection combined (left) and separate (right). 

In the one method the functions of absorption and detection are separated; in 
the other method, more common in gas chromatography, they are combined. 
The component to be measured usually has a lower ionization potential than 
the carrier gas; for this reason more electrons will be produced even at constant 
absorption. 

When the dimensions are suitably chosen, it appears that the behaviour of 
the detector can be reasonably well described by the equation 

PV 
.M = K - (xQm - xQa), 

RT 

current variation (A), 

(1.1) 

where /J/ 
K constant depending on strength of source and cell dimensions, 

among other things (A/cm2), 

~ ~~~s::~~me ~ in suitable units, 
R gas constant 
T temperature 
x volume fraction of the sample to be measured, 
Qm effective cross-section for 1 molecule of sample (cm2), 

Qa effective cross-section for 1 molecule of carrier gas (cm2). 

The absorption detector has been described by e.g. Deal et al. 1303), Love
lock et al. 1307), Matousek 1308), Abel and De Schmertzing 1300) and Clark 1302). 

The latter gives mainly practical details, such as linearity, sensitivity for various 
substances and the like. Abel and De Schmertzing reduce the infl.uence of 
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pressure and temperature variations by using two ionization chambers in 
parallel, while Matousek discusses noise. 

The detector in its present form has the advantage that it can be used up to 
high concentrations (according to some workers, up to 100 %). A disadvantage 
is that low concentrations (less than 0·0001 vol. %) are not detectable. The 
detector is further linear, non-specific, hardly destructive at all and robustly 
constructed. It will probably give better results in the future when the beta 
sources which have been mainly used up till now are replaced by alpha radiators. 
The problems involved in the choice of a radioactive source for mass measure
ments have been discussed by Platzek and Krugers 1310); this treatment is also 
applicable here if the as yet unusual separation of absorber and radioactivity 
detector is carried out. In this case, we determine how much less is let through 
instead of how much more is absorbed. The absorption of beta radiation can 
be described to a good approximation by an equation of the same form as that 
used to describe the absorption of light: 

(1.2) 

where Io the effect of the source on the radioactivity detector when there 
is no impurity in the carrier gas, expressed in e.g. A, 

I 
m 
d 

the effect with impurity, 
mass-absorption coefficient (cm2/g), 
density (g/cm3), 

l thickness of the absorbing layer. 
From this we may deduce: 

,1/ la e -mdl l iJdm, 

whence .1/ Il iJdm. 

(1.3) 

(1.4) 

For most substances, and sertainly in a homologous series, the mass-absorp
tion coefficient is constant 1305, 1605). If both I and l are assumed to be con
stant, then 

.1! = K*(xmdm - xmdd), 

where K* 
x 
dm 
dd 

a constant, 
volume fraction of the sample to be measured, 
density of sample, 
density of carrier gas. 

(1.5) 

Comparison with eq. (1.1) shows that the product md can be used in place of 
the effective cross-section; in fact, Weissler in Flügge 1206) calls md the effective 
cross-section. The law for absorption agrees better with the experimental facts 
if the degree of absorption is low l305), which is why Sr-90 normally gives better 
results than less penetrating radiators . These equations should moreover also 
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hold for X-rays. With a constant mass-absorption coefficient and known 
content x of sample, eq. (1.5) allows the density and hence the molecular weight 
to be calculated after the equipment has been calibrated with one substance. 

If the absorption by the sample is considerable, then it is naturally better 
to write the absorption law in the well-known form 

ln(I/Io) = -mdl = K** d. (1.6) 

Application of eq. (1.5) shows that with a 500-mC tritium source and a time 
constant of a few seconds, 10-4 g should still be detectable. 

One difficulty is that, just as when absorption and detection are combined, 
the intensity Jo for the "unloaded" gas must be constant. The stability must be 
sufficient to allow the variations in the intensity to be accurately measured. 
Under favourable conditions, the limiting factor is the statistica! fluctuation in 
the disintegration process of the radioactive source (section 2.3). 

1 t will be clear from consideration of eq. ( 1.1) that the pressure in the detector 
must vary very little, that thermostatting is required and that radioactive decay 
must be taken into consideration. The influence of pressure and temperature 
can be reduced by using two detectors connected in opposition, the one measur
ing on the carrier gas and the other on the carrier gas + sample ; but the statisti
ca! fluctuations then increase (section 2.3). lf the measurements are made on the 
basis of eq. (1.1 ), then, as in spectrophotometers, the two ionization chambers 
must be connected not in a difference circuit but in a ratio circuit. 

1.6. Ionization by metastable atoms 

The extrà ionization is caused by the fact that gas atoms (particularly of inert 
gases) in an excited state can ionize other atoms or molecules. Absorption plays 
no role because low concentrations are used. 

The photo-ionization mentioned in table 1-III is not a nuisance if it does 
occur, as this is also caused by the metastable atoms. The recombination and 
capture of electrons, which should be avoided, can here again be prevented by 
separating the charge carriers quickly by means of high fields. 

Nevertheless, just as in the previous detector, the positive ions move so slowly 
tbat an appreciable space charge may be formed; tbis has the result that the 
field strength near the cathode may be very considerably reduced. In particular 
Lovelock 1431, 1426- 1432), who introduced the argon detector, made good use 
of this effect; see also ref. 1400. Von Engel in Flügge 1702) gives a quantitative 
description of this effect. 

Argon is usually used as carrier gas, although Lipsky and Shahin 1425) and 
Gnauck 1415) have reported results with other gases. Inert gases are particularly 
suited fo r this application, since in these gases the lifetime of the metastabe 
state is long compared to the time between collisions. This makes it more likely 
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that the excited atom will lose its energy by collision than by emission of a 
photon. 

The principle of this method is sketched in fig. 1.2. The detector has many 
disadvantages. It is for many applications too sensitive to impurities,.particularly 
water which quenches the metastable atoms. The linearity is quite low, because 
the above-mentioned interfering processes cannot be avoided completely. 
Values quoted in the literature vary between 1 : 10 and 1 : 1000. The sensitivity 
for various compounds is not well known. It may be stated as a rule of thumb 
that for a molecular weight of more than 100, the signa! obtained per gram
molecule is constant. The signa! is also strongly influenced by the presence of 
traces of a permanent gas in the argon. For example, Welti and Wilkins 1448) 
used nitrogen on purpose to reduce the sensitivity. This effect is smallest with 
argon, which is the main reason why this gas is used in preference to other inert 
gases. Helium is also usable if some care is taken 1422, 1509, 1512, 1450, 1451, 1404). 

Fig. 1.2. Principle of the argon detector. 
Moving the rod-shaped electrode has an effect 
on the linearity, by altering the space charge. 

This effect was also used by Willis 1515) and Lesser 1510) for the detection of 
e.g. Hz, 02, Nz, HzO, CO, C02, (CN)2, CH3CN, CH4 and C2H6. These sub
stances do not give a signa! with argon alone as carrier gas, because their 
ionization potentialis greater than the extra energy (11·3 eV) provided by the 
metastable atom. However, by introducing a permanent organic impurity the 
permanent gas can be detected: the latter will have the effect of quenching the 
metastable atom, thus reducing the ionizàtion and hence the signa! obtained. 
In accordance with this theory CS2, HzS, NO, N02, NH3, PH3 and BF3 give 
a signa! without the use of this method. If helium is used as carrier gas, 19·8 eV 
is available for ionization; the first group of gases mentioned above can then 
be detected without any difficulty. This is practically the only sensitive method 
for the detection of the permanent gases 15os, 1512, 1513, 1500-1502). 



- 12-

The most commonly used radioactive source is Sr-90 (hard beta radiation) 
1401, 1434, 1426, 1446) and Pr-147 (a softer beta radiation) 1408, 1413, 1437). It is 
also possible to use Kr-85 1438) or H-3 (very soft radiation) 1415, 1505, 1507, 1509); 
Ra-D (alpha emitter) has been used by Lovelock 1431). All these authors give 
a fairly detailed description of their detection system. The intensity of the beta 
emitters is usually 10-100 mC. According to Gasiev 1413), there is no point in 
using more than 20 mC. 

The expected performance can be roughly calculated. If a 20-mC Sr-90 source 
is used, then 3·7.107 x 20 beta particles of maximum energy 2 MeV are available 
per second. Since only half of the radiation enters the detector, 3·7.108 beta 
particles thus enter the detection volume per second. About 50 ion pairs are 
formed per cm 1900). This gives a current of 3·7.1010 x 1·6.10-19, so 0·6.10-8 A 
if the height of the detector is 2 cm. The noise (see chapter 2) in this signa! is 
about 1 ·9 .10-12 A, when the time constant is O· 5 s. The energy of the beta 
particle is fairly evenly divided between metastable atoms and ion pairs, and 
about the same number of each are formed. There are thus max. 4.1010 meta
stable atoms available per second, which can ionize max. 4.1010 molecules 1413). 
The current will then be exactly doubled . If the ionization yield is 1 : 1000 and 
all metastable atoms are used up, it will seem as if max. 4.1013 molecules are 
present. With a molecular weight of 100, this is about 7.10-9 g. According to 
table 1-11, the detection limit is 5.10-13 g and the dynamic range 103; this all 
means that for more than 5.10-10 g the detector is no Jonger linear. lt was 
calculated that all the metastable atoms will be used up at 70.10-10 g. These 
figures agree quite well with each other, since it is to be expected that the chances 
of collision will be considerably reduced when 10 % of the metastable atoms are 
used up. For more than 7.10-9 g the detector is overloaded i 414, 1441). The signa! 
may even decrease because the organic molecules start quenching a large number 
of the metastable atoms before they have had a chance to cause ionization. 
The noise is l ·9.10-12/0·6.10-8 = 3.10-4 of the zero current, which means that 
7. I0-9 x 3.I0-4 g = 2.10-12 g can still be detected. As hasjust been mentioned, 
the value in practice is found to be 4 times better, probably owing to extra 
ionization by the interfering processes. 

Another trouble is the rather large volume of the detector, which gives rise 
to a large time constant (chapter 2). Lovelock 1431) bas described a miniature 
model. 

Summarizing, we may say that this detector, despite its early promise, has 
not fulfilled the excessively high hopes which were had of it, and has now been 
rather put in the shade by the impressive performance of the flame ionization 
detector. 

The metastable atoms can also be formed in other ways. Various methods 
of doing this have been tried. Haahti 1556, 1557), Wahlroos 1565) and Karmen 
et al. 1559) use a method involving the emission of electrons from a metal under 
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the influence of a high voltage. On acceleration, these form not only ion pairs 
but also metastable atoms. Evrard et al. 1551) and Karmen and Bowman l560) 

use an electric discharge as source of metastable atoms. Yamane 1569, 1570) has 
modified this method by separating the place where the metastable ions are 
formed from the place where these cause ionization. This is done by blowing 
the excited atoms from the discharge into an ionizing vessel; see also Foster 
1553, 1554). Westermark 1566) compares radioactive sources and discharges for 
the production of metastable atoms. 

Schmidt-Klister and Wiesner 1563) do use a radioactive source, but make use 
of the limited gas amplification as described in the section on the proportional 
counter (section 1.4.2) for the measurement of the extra ionization. Lefort l561) 

and Shahin and Lipsky 1564) do just the opposite. They do use the detector as 
an ionization chamber, but do not collect all the charge carriers formed. They 
make use here of the fact, which is often neglected, that when a well-stabilized 
low voltage is applied to the ionization chamber, a constant proportion of the 
charge carriers are always collected. The solution proposed by Findeis l552) 

must be based on very complex phenomena. He Iets the detector operate like 
a Geiger-Müller tube and investigates how much the current pulses produced 
are changed by an increase or decrease of quenching ionization which depends 
on the content of impurities, including metastable atoms. 

1.7. Electron velocity 

As mentioned above, the rate of diffusion of the electrons in an ionized gas 
depends on the composition of the latter. For pure gases this rate is low, being 
of the order of 1 cm per µs. This value can be increased about 10 times by the 
introduction of an impurity. If a voltage pulse of a few microseconds duration 
is applied between the plates of the argon detector, then if the diffusion rate 
of the electrons is high, only a small fraction of them will be collected. After 
an interval in which the electrons are allowed to regain their diffusion-deter
mined velocity, a new pulse is applied and the process repeats itself. The elec
trons do not now disappear by collection at the electrodes, but because the 
recombination process is enhanced as much as possible. 

In the methods of this type, the idea is to avoid the extra absorption by the 
impurities, the ionization of the latter and the electron capture. The not very 
promising results obtained so far indicate that this attempt is not successful. 

Detectors working on this basis have been described by Lovelock 1903), 

Hill 1895) and Smith and Merritt 1910). In some designs, a third electrode is 
added to collect the positive and negative ions formed. 

1.8. Electron affinity 

The "electron-affinity" ("electron-capture") detector has many weak points 
(linearity, time constant, reproducibility); but where extremely small amounts 
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of a substance have to be detected, it is the only system available at present 
Only electronegative compounds have the low detection limit of 3.10-14 g. This 
is in genera! a disadvantage, but can actually be turned to advantage for certain 
purposes, for example in the investigation of insecticides, whose toxicity can 
sometimes be correlated with their electronegativity 1623). If necessary, a given 
compound can be halogenated or substituted in some other way to give a 
compound with a high electron affinity. For sterols, for example, this has been 
done by Landowne and Lipsky 1621). 

The operating principle is simple. In one part of the ionization chamber ion 
pairs are formed by means of a soft ionizing radiation (fig. 1.3). These are 
collected under the influence of a very low electric field (the voltage between 
the plates is only a few volts). Because of the relatively low velocity with which 
they move, the collection time is long. The chance of electron capture is there
fore greater than with the designs discussed so far. When an electron is captured 
a negative ion is formed which moves 1000 times slower than the original 
electron (1 to 10 cm/s). The chance of recombination with positive ions is 
thus much increased. The effect of an electronegative impurity is now to reduce 
the current. 

Fig. 1.3. Principle of the electron-affinity detector. 
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Extra absorption by another component does not matter here, since the 
radiation is always completely absorbed. It does however matter that more 
charge carriers are produced by ionization when a substance with a lower 
ionization potential is introduced. The increase in ionization due to metastable 
atoms and the change in diffusion rate as a result of adding an impurity to the 
pure carrier gas are also nuisances. These two effects can be reduced by a suitable 
choice of the carrier gas. These various factors mean that the relation between 
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concentration and signal is not linear. The flow rate of the carrier gas is also 
found to have an effect on the signal. 

There is yet another possible way to promote electron capture and distinguish 
between electrons and negative ions. Tbis technique, which has been known for 
quite a long time, see Von Engel in Flügge 1702), is similar to that described in 
section 1.7, where a pulsed voltage is applied to the detector. The duration of 
this pulse is now chosen so tbat all the electrons present are collected while, as 
mentioned above, the diffusion rate is kept low by a suitable choice of gas 
(mixture). After an interval in which capture by an electronegative compound 
might have taken place, but no recombination of positive ions and electrons, 
a new voltage pulse is applied. In the presence of an electronegative compound 
during the voltage pulse, the current will decrease 1604, 1618, 1619). 

The electronegativity is the probability h that an electron colliding with an 
atom is captured by the latter 1635 , 1612) . If the electron undergoes N collisions 
per cm, then the probability of capture per cm is Nh = a. The number of 
electrons captured out of a total of n over a distance dx is thus -dn = nadx. 
If the current and the number of electrons after d cm are ia and na, respectively, 
then 

(l.7) 

The absorption is thus logarithmic. Although h is small, 10 % of the molecules 
present can be turned into negative ions because of the large number of colli
sions which occur. Compounds which have been detected by this method in 
amounts of the order of 10-14 g are, among others: insecticides 1602, 1608, 

1611, 1615, 1616); ethyl- and methyl-lead compounds 1601, 1610, 1617, 1622, 1628); 

chloroform and other halogenated compounds l6Zl, l632); organic phosphorus 
compounds l630) and metal chelates 1631). 

Review articles on this method of detection have been published by Love
lock 1624), Washbrooke 1633), Wentworth and Becker l635), Clark l606), Lan
downe and Lipsky 1618) and Gregory and Lovelock 1614). 

1.9. Various ionization methods 

The mass spectrometer is in fact also an ionization detector. This will not 
however be discussed here. Because of its simplicity mention should however 
be made of the system designed by Váradi 1916, 1917). This made use of a mass 
separator consisting of a series of electrodes. By varying the frequency of the 
alternating voltage between the electrodes, one can accelerate ions of different 
masses in turn. If not all the ion current is used for this purpose, and the rest 
is collected, the total amount of ions , can also be measured. 

Mention should also be made of the vacuum diode of Ryce and Bryce 1907, 

1908), Hinkle et al. 1558) and Guild et al. 1893). This is a more or less normal 
vacuum diode, except that the helium filling flows through it. The electrons 
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are accelerated out of the filament by the voltage between cathode and anode. 
The accelerated electrons give rise to metastable helium atoms. If the maximum 
voltage between the electrodes is lower than the ionization potential of helium 
(24 V), ionization will only occur when impurities are present. Voltage stabiliza
tion is advisable in order to prevent ionization of the helium without reducing 
the amount of metastable atoms 1893). The great disadvantage of this detector 
is that it works at low pressures and is thus not very convenient to use. 

Another method mentioned in the literature uses a halogen leak tester as a 
detector for halogen-containing compounds 1892, 1613). Ionization with the aid 
of photons has been suggested as a possibility by Lovelock 19°4). This detector 
also works at low pressures. 

Ionization by atomie oxygen wil! now be discussed. In this connection, it may 
wel! be asked whether atomie nitrogen, which is more reactive and bas a longer 
life, might not offer more or different advantages. An investigation of this 
problem is described in chapter 7. 

1.10. lonization by atomie oxygen; the flame ionization detector 

1.10 .1. The flame 

A flame is a chemica! reactor in which a whole series of chemica! reactions, 
whose nature is largely unknown, occur. The initia! and final products are 
known, but information about the intermediate stages is slow in coming. One 
known intermediate product, the CH radical formed by pyrolysis, which is 
partly responsible for the ionization, will be discussed in detail below. 

The best-known flame is the oxygen/hydrogen flame. The reactions occurring 
here include the following 1126, 1716): 

Chain reaction: H2 +OH--? H20 + H (1.8) 
Branching reaction: H + 02 --? 0 + OH and H2 + 0 --? H + OH 1 
Stop reaction: H + H + M--? H2 +Mand H +OH+ M--? H20+M 

-As wil! be seen from the nam es gi ven to them, these reactions are of three 
types, according as radicals are formed or disappear, or the total number of 
radicals remains unchanged. 

The reactions only occur in a restricted part of the flame, namely the reaction 
zone (fig. 1.4) which at atmospheric pressure is only O· l mm to a few mm thick. 
The actual thickness depends on the type of flame, the burning velocity and the 
flow rate of the gas. 

The burning velocity is the rate at which the reaction moves through the 
inflammable gas mixture. In a stable flame the position of the reaction zone is 
fixed, i.e. the gas moves upwards just as fast as the reaction zone moves down
wards: 

(1.9) 
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Fig. 1.4. Structure of the diffuse ftame. 
a preheating zone (smaller as dis bigger), 
b reaction zone (about 0·1 mm across), 
c after-burning zone, 
d thickness of burner wal!, 
h flame height (x2 ,.,, 2 Dt and y = Vg t/71 x 2) 

for vu = 1 cm3/sec and D = 0·5 cm2/sec, 
h about 3 mm, 
t time, 

~' t·. L k proportionality factor, of the order of 1, 
D diffusion coefficient of 0 2 (about 500 cm2/sec 

at the ftame temperature), 
vu linear velocity of gas (cm/sec), 
Su burning velocity (cm/sec). 

where ob 
Vg 

Su 
Or 

area of burner mouth (cm2), 
gas velocity (cm/s), 
burning velocity (cm/s) 
surface area of reaction zone (cm2). 

The linear velocity of the gas is thus of importance 1808). At the surface of 
the reaction zone, V g = Su. For premixed H2/0 2/N2 flames containing at least 
7·5 % oxygen, the burning velocity Su varies between 100 and 1200 cm/s 
1745, 1708, 1747). The burning rate is determined by the rate at which the multi
plication reactions move througb the gas mixture. Tbis is limited by the diffusion 
rate of H (the diffusion rate of 0 is much less). The burning rate is also deter
mined by the extent to which the stop reaction occurs. Nitrogen can act as the 
third body M, so including nitrogen in the gas mixture will lower the burning 
rate. It will also be clear that the burning rate depends on the pressure, and 
increases when the gas is pre-heated 1730). 

According to Dixon-Lewis and Williams 1716) , in a pre-mixed gas containing 
4·55 % 02 the burning rate changes from 12 to 7·5 cm/s on addition of nitrogen. 
This percentage of 0 2 seems reasonable for a diffuse flame wbich is regarded 
as a "poor" pre-mixed flame. Decreasing the burning rate at constant gas-flow 
rate results according to eq. (1.9) in a greater surface area of the reaction zone, 
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i.e. in a thinner reaction zone. The "reaction volume" remains fairly constant. 
If the thickness of the reaction zone and the flow rate of the gas are known, the 
reaction time in this zone can be calculated. With the detector discussed below, 
representative values are: thickness O· l mm 1706, 1726) , linear gas velocity 
10 cm/s, i.e. reaction time 1 ms. The influence of these factors on the 
electron yield will be discussed in chapters 3 and 4. 

Two other regions can be distinguished in the flame, viz. the preheating zone 
and the diffuse after-buming zone. The various regions can be examined 
spectroscopically ; each is found to emit its "own" light. By far the bighest 
luminous intensity is given by the sharply Jimited reaction zone. This light 
appears to come mainly from OH radicals 1703, 1848, 1845). 

There are two usual types of flames. In the one most used for physical 
investigations, the oxygen (or in general the oxidant) is mixed with the hydrogen 
(in genera! the substance to be oxidized) before combustion takes place (Bunsen 
flame). In the other type there is no pre-mixing, the oxygen diffusing into the 
reaction zone from outside (candle flame) . lt wil! be clear that in the pre-mixed 
flame the limiting factor is the reaction velocity, and in the diffuse flame the 
diffusion velocity; it will also be clear that the latter type of flame is poor in 
oxygen. In both types of flames, the maximum attainable temperature is deter
mined by the temperature at which endothermic reactions begin to occur along
side the exothermic ones; this temperature will thus differ little for the two types. 
These two flame types in fact differ generally less than might be expected. Even 
in pre-mixed flames, oxygen diffusion is important because the oxygen is locally 
consumed so fast in the reaction zone that it has to be supplied by diffusion 1748) . 

TABLE 1-IV 

COMPARISON OF DIFFUSE AND PRE-MIXED FLAMES 

oxygen supply 

burning rate determined by 

pyrolysis and oxidation 

reaction zone 

temperature 

more nitrogen in combustion 
mixture 

more oxygen 

more pre-heating 

addition of halogens 

diffuse pre-mixed 

ditfusion from above and in combustion mixture 
from below 

ditfusion of 0 2 

separate 

thick 

1000-2500 °K 

reaction velocity 
diffusion of H 

mixed 

thinner 

dilution gives rise to lower temperature, lower burning 
velocity and thinner reaction zone 

higher burning velocity if originally [02] < 2 [H2] 

higher burning velocity 

more stop reactions = lower burning rate 
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On the other hand, the diffuse ftame is to a certain extent pre-mixed because 
oxygen is supplied at the bottom of the combustion cone. The diffuse fiame can 
thus be described as a diffusion-limited pre-mixed flame poor in oxidant. Various 
investigators, e.g. Bulewicz and Padley l?lO), have shown that not only nitrogen 
and inert gases can be used as diluents, but that an excess of oxygen also has the 
same effect as the addition of e.g. nitrogen. Table 1-IV gives a brief summary 
of the resemblances and differences between diffuse and pre-mixed flames. 

Apart from ionization by chemica! reactions, thermal ionization due to the 
high flame temperature (1000 to 2500 °K) can also occur. The ionization can 
be described by the following equation: 

where X 

X~ X+ + e - Vip eV, 

arbitrary component of mixture, 

e electron, 
Vip ionization potential of X. 

The equilibrium constant Ke is given by 

Ke = [X+] [e]/[X]. 

(1.10) 

(l.11) 

The relation between temperature and equilibrium constant can be expressed 
by Saha's equation 

log K = -5050 Vip/T + 2·5 log T - 6·5 + log (gx + ge)/gx, (1.12) 

where the g's are statistica! weighting factors. This equation has been applied 
to fiames by, among others, Hayburst and Sugden 1729), Sugden 1706), Calco
te 1701) and Alkemade 1700). The same equation has also been used widely 
for spark and are discharges, see e.g. Boumans 1841) and Roes 1858). A similar 
equation holds for dissociation processes. 

The ionization of each product present or to be formed can be determined 
in this way for a given gas composition and temperature. Such a calculation 
has been performed for a stoichiometrie propane-air flame; the results are 
published in tabular form by Calcote and King 1711). 

It may be read off from this table that in a pure hydrogen-air flame, the 
ionization is mainly caused by NO (see section 2.2). A small amount of an 
alkali metal which can be more than 10 % ionized increases the ionization 
considerably. The situation is quite different in a flame which also contains 
hydrocarbons. For example, the ionization occurring in the above-mentioned 
propane-air flame can only be explained on the assumption that there is a 
component with an ionization energy of about 4 eV. The nature of this com
ponent is however by no means clear. lt has been suggested, in 1951 by Sugden 

. and Thrush 1743) and later by Thomas 1746), that this component consists of 
carbon particles containing several thousand C atoms. The same suggestion 
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was made for the detector as used in gas chromatography by e.g. Perkins Jr 
et al. 1768), Littlewood 1114) and Andreatch and Feinland 1781). While this 
might be possible in a smoky fl.ame, it is difficult to imagine how it could be 
so in an H2/02 flame containing only a few micrograms of carbon. Of recent 
years, chemi-ionization has been suggested as the reason for this effect. The 
reaction of which most has been made in this connection will now be discussed. 

1.10.2. CH + 0 ---+ CHO+ + e + ~ 0 Kcal (l.13) 

This reaction (1.13) 1729), and many contributions to Symposium Combus
tion 9 (1962), requires CH radicals and atomie oxygen. The CH radicals are 
formed by pyrolysis (see section 1.10.3), while the oxygen is formed by disso
ciation of molecular oxygen and by the above-mentioned multiplication 
reaction. The reaction can quite well be followed spectroscopically 1859). CH 
emits light mainly between 3900 and 4315 A, and CHO between 2500 and 
4100 A l860). For details of the spectroscopy of the flame, see the reviews by 
Gaydon 1703) and Alkemade 1840), also Child and Wohl 1845). 

If C2H2 is mixed in a tube with atomie oxygen produced by a discharge, the 
above reaction will also occur after decomposition of the C2H2 by the oxygen. 
Charge carriers are produced in the gas mixture at room temperature 1719, 1703) 
and can be collected. It is remarkable that here too one electron is formed per 
104-105 C atoms (cf. table 1-Il). This would seem to suggest that e.g. the reaction 

CH + 0 ---+ (CHO*) ---+ CHO + energy ( 1.14) 

is much more probable than the chemi-ionization reaction given at the bead of 
this section, and is the only competing reaction, also in the pyrolysis of CH4. 

The great infl.uence of radical traps, e.g. NO and N02 in this case, is also 
clear from this experiment: addition of these gases reduces the yield of charge 
carriers 100- to 1000-fold. 

The reactions which can occur between CH and 0 2 are 1729, 1704) 

CH + 02 ---+ CHO + 0 and CH + 02---+ CO+ OH*. ( 1.15) 

It will be clear tbat the conditions for the yield from reaction (1.13) to be 
maximum are contradictory. On the one hand 0 is required, while on the other 
hand 0 2 must be absent as far as possible. 

The diffuse fl.ame provides a better compromise than the pre-mixed flame, 
since in the former the pyrolysis products are separated from the oxygen by a 
wedge of oxidized pyrolysis products. Oxidation is therefore difficult before 
the pyrolysis to CH is complete. If the wedge is too thick, the transit time across 
it will be so long that other reactions can occur. Kinbara and Nakamura 1731) 
find no difference between the two types of flames. Me William and Dewar 1801) 
and Sternberg et al. 1742) have also made measurements on tbis point. They 
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TABLE 1-V 

SOME OF THE POSSIBLE PYROLYSIS AND OXIDATION REACTIONS OF CH4 IN AN H2/02 FLAME 

The most important are indicated by an arrow. The dissociation and ionization energies (the 
Jatter being given between brackets), which were used for calculating the heats of reaction, 
were taken from Price 1738) and Landolt-Bornstein 1733) 

H H2 0·06 eV 
-+ CH4 + OH -+ CHs + H20 + 0·68 

0 OH -0·02 

H fü 0·58 eV 
-+ CHs +OH-+ CH2 + H20 + 1·20 

CHa + OH -+ CH20 + fü + 3·63 eV 
-+ 0 OH 7·95 

0 OH 0·50 
CHa CH4 0·52 

H fü 0·03 eV 
-+ CH2 +OH -+ CH4 + H20 + 0·65 

0 OH -0·05 
CHs CH4 - 0·03 

CH2 + OH -+ CHO + füO + 7·36 eV 
-+ 0 CH20 7·45 

02 CfüO 2·34 
H H2 1·01 eV 

-+ CH + OH-+ C + H20 + J.63 
0 OH 0·93 
CHs Cfü 0·95 
CH2 CHa 0-43 
CH Cfü 0·98 

-+ CH + OH -+ CfüO + 7·50 eV 
0 CHO 6·71 
02 CHO + 0 1-60 

dissociation energies (eV) 

0 -0 
füC = 0 
HC = 0 
H - H 
0 -H 
HO -H 
HsC-H 
füC-H 
HC -H 
C - H 

5·11 
7-45 
6·71 
4·48 (15-42) 
4·40(13.1) 
5·10 (12-6) 
4·42 (12-98) 
3-90 ( 9·84) 
4-45 ( 10·40) 
3-47 (l 0·64) 

did find that the electron yield is reduced at the optimum operating point (see 
chapter 3). 

The pyrolysis products must be brought quickly into contact with an existing 
0 /02 mixture. In other words, the contact time of the pyrolysis products with 
the oxygen should be short, but the contact area should be large (especially if 
the concentration of these products is high). As mentioned above, this is achieved 
by decreasing the burning velocity, e.g. by the addition of nitrogen. 

It may be mentioned here that other chemi-ionization reactions are also 
possible, see e.g. Calcote 1701), Green and Sugden 1726), McWilliam 1736) and 
Sternberg et al. 1742). The mass-spectrometric observations of recent years (see 
contributions to Symp. Comb. 9, 1962) indicate that CHO+ is present in larger 
amounts than any other organic ion. 
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1.10.3. Pyrolysis and sensitivity to various compounds 

The mechanism of the breakdown of organic compounds in a flame is not 
yet well understood. It has however been observed 1741, 1718, 1725) that traces 

of oxygen are required. In an H2/02 flame to which a trace of methane has been 
added, the reactions listed in table 1-V occur among others 1750, 1732, 1901, 1717). 

It is clear from this that we are dealing here with an oxygen-induced pyrol

ysis. The reaction with OH is most probable. According to Geib and Har
teck 1723), the reaction with H will not occur. 

It will also be clear from table 1-V that direct ionization of the fragments is 
unlikely. Ionization potentials for a large number of organic compounds have 
been published by Steiner et al. 1911) and Ehrenson 1612), among others. The 

lowest values are about 8 eV for large molecules with many unsaturated honds. 

It is still surprising, in view of the many high-probability competing reactions, 

that the above-mentioned chemi-ionization reaction occurs at all. Under these 
circumstances, the yield of l : 105 must be considered quite good. The situation 
can be considerably improved by a suitable choice of the reaction conditions 
in the flame, because oxygen causes the oxidation as well as the ionization. 

Separating the pyrolysis from the oxidation/ ionization would probably also 

give a considerable improvement. Another solution is to use another reagent 
instead of atomie oxygen. Atomie nitrogen is much more reactive in general, 
and reacts extremely well with organic compounds, giving however not ioniza
tion but excitation ( chapter 7). 

Finally, the arguments for the existence of reaction (1.13) 1710) may be 

summarized as follows: 

Only organic compounds in which hydrogen is linked to the carbon give 
a high ionization current in the flame; one of the reacting fragments must 
thus contain carbon and hydrogen. 

Methane also gives a high ionization current, as does C2H2; the reacting 
fragment thus contains one carbon atom and at most two hydrogen atoms. 
Flames which are poor in organic compounds give the same extra ionization 
current per C atom as flames which are rich in organic compounds; reaction 
between the organic molecules tbus play no important part. 
Flames which are poor in oxygen give a lower ionization current per carbon 

atom than that mentioned in the previous point. Oxygen thus appears to 

be required for the reaction. lt might be possible to work out a method for 
the determination of oxygen on this basis. 

Investigations of the heat of reaction between CH or CH2 on the one hand 
and 0, 02 or OH on the other show that the above-mentioned reaction is 
the only one which is energetically possible - assuming that neither of the 

reacting particles are in an excited state. 
The difference in the charge created per C atom will not be caused by 
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differences in the final ionization reaction, which is the same for all compounds. 
This is confirmed by the fact that the addition of a C atom to a chain (in e.g. 
alkanes, alkenes, alcohols, fatty acids) is a completely additive effect. This point, 
and the effect of substituents, which wil! be discussed below, have been dealt 
with by e.g. Ettre 1762- 1765), Andreatch and Feinland 1781), Gallaway and 
Burnell 1791), Brede! 1760), Carrol Jr 1785), Durrett et al. 1761), Sternberg et 
al. 1742) and Perkins Jr et al. 1768· 1770). Ongkiehong 1705) has in agreement 
with the above stated that the charge produced per gramme is proportional to 
M/(n x 12) where M = molecular weight and n = number of carbon atoms in 
the molecule. For alkanes this gives (12n + 2n + 2)/ 12n = (14/ 12) + 1/6 n. 
Going from propane (n = 3) to hexane (n = 6) will thus cause a correction to 
the proportionality constant which is less than 5 %- The same will be true of 
a homologous series of substituted compounds. It will therefore not cause too 
much of an error to assume that the charge produced per gramme is constant 
for a compound with more than 3 C atoms. 

It will however make a difference whether the compound contains oxygen. 
As far as alcoho!s are concerned, the difference in bond energy between C-OH 
and C-H is not very great 1733). It may thus be assumed that the C-0 bond will 
remain intact roughly half the time. The fragment thus produced will not be 
able to produce electrons by the above-mentioned ionization reaction. The 
charge produced should thus be reduced by an amount corresponding to half 
the number of C-OH groups. This has been confirmed experimentally 1768). 
A difference is also found between primary and secondary alcohols, owing to 
the fact that one group splits off H2 more readily, and the other H20. 

Aldehydes and acids will not give any electrons at all from the C atoms 
attached to oxygen. According to table 1-V, the bond energy of > C=O is 
7·45 eV. Breakdown will thus occur to C=O in the flame, and not to CH. 

Unsaturated compounds, and in particular benzene, give a higher yield of 
electrons per C atom, according to Bulewicz and Padley 1710). Dewar 1790) 
claims that the yield is lower, while Sternberg et al. 1742) state that it is 
higher. It is quite possible that two effects are involved here: the breakdown 
of the unsaturated compounds is easier and more complete, but on the other 
hand there is the chance that an oxygen atom wil! be added at the double bond, 
thus removing one carbon atom from the ionization process. Whether this 
latter process will in fact reduce the ionization yield depends on whether or not 
oxygen is present in the pre-heating zone. 

Pre-mixed flames wil! thus certainly be found to give a lower yield with un
saturated compounds. This is in fact also true of alkanes, because the large 
excess of oxygen will increase the side effects. 

Halogenated compounds give a reduced ionization yield per C atom, according 
to Ongkiehong 1705), Stern berg et al. 1742) (who quote a reduction of 50 %) and 
Carroll Jr 1785) (15 % reduction). It seems likely that external circumstances 
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play a role, e.g. the capture of some of the electrons by chlorine. Lee 1734) has 
observed spectroscopically that the CH production of halogenated compounds 
is not reduced. The chlorine ions are slow in migrating to the anode, and thus 
have a high probability of recombining with a positive ion, so that the electron 
which went into the chlorine ion wil\ not contribute to the current. The loss 
will depend on the rate at which the electrons are withdrawn from the ionized 
gas, i.e. on the form of and voltage between the electrodes (see section 1.10.4). 
Palmer and Seeny 1733) and Gamer 1722) also observed that halogens reduce 
the burning rate. This can have a favourable effect on the chemi-ionization 
reaction. 

In connection with the above, it will be fairly obvious that little or no signal 
is obtained with the permanent gases, CS2, H2S, C02, CO, H20, CH20, 
HCOOH, S02, NO, N02, NzO, NH3, SiCl4, SiHCla, SiF4, COS and HCN 
1710, 1737' 1103). 

The signal that is obtained in these last cases will be mainly due to thermal 
ionization. For the alkali metals (as much as 1 % ionization), this effect can give 
quite an appreciable signa!. 

1.10.4. Construction 

The demands which must be satisfied by a successful burner follow from 
the above: 

(a) a diffuseflame is to be preferred toa pre-mixed one (less chance of premature 
oxidation). According to Purnell 1117), a pre-mixed flame is better. 

(b) The recombination must, if possible, be reduced to zero. The equations 
for the recombination reactions are 1713, 1749, 1726) 

and 

and 

OH + e -+ OH- + ,..., 3eV 

CHO+ + H20-+ CO+ H30+ + 1·47eV, 

OH-+ CHO+-+ OH+ CHO + ,...,4.7ev 

HaO+ + e-+ H20 + H + 6·29eV. 

(1.16) 

In particular the last, strongly exothermic reaction plays an important role. 
The addition of nitrogen, which results in a reduced electron temperature, 
probably reduces its effect however. The recombination can also be kept low 
by making the transfer of charge from CHO+ occur to another molecule than 
H30+. One of the reactions which comes into consideration for this is 1729, 1706) 

CHO+ + Pb -+ Pb+ + CHO ~ 

Pb+ + e + M-+ M+ + Pb. ~ 
(1.17) 
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The ionization energy of CHO+, which can be derived from table 1-V and 
reaction (1.13), is about 6·7 eV. Taking the flame temperature into account, 
it seems reasonable to assume that this charge transfer can only occur for metals 
with an ionization energy between 4 and 9 eV, as stated by Bulewicz and Pad
ley 1843). lt is quite probable that in the future this difference in recombination 
can be made use of, either for collecting the charge carriers themselves or for 
the determination of metals with ionization energies between 4 and 9 eV. 

In practice, the simplest solution (for minimum recombination) is to remove 
the charge carriers from one another as quickly as possible after formation. 
This can be done by the application of a sufficiently high field strength at the 
point where they are formed. Dilution with N2 reduces the chance of collision 
between CHO+ and H20, which would also help in reducing the recombination. 

If the recombination is not completely dorre away with, this will have a 
particularly noticeable effect at high concentrations, since recombination obeys 
the Jaw 1726, 1735, 1749, 1712): 

dNt/dt = - aNo2, (1.18) 

whence Nt = No+ iJNo =No- aNo2'1t~-a'1tNo2 for No~aiJtNo2, 

where a = the recombination coefficient, which is about 10- 7 cm3/sec in 
the flame. 

Nt and No = the concentration of positive particles at t = t1 and t = 0, respec
tively. 

The electron yield per C atom will thus be lower at high concentrations than 
at low ones. Cohen et al. 1715) find at high concentrations a linear relation 
between log i and the logarithm of the concentration of the organic substance, 
i.e. between log N and log N0 • It is assumed that the number of primary 
positive ions is directly proportional to the concentration. This Jogarithmic 
relation agrees with eq. (1.18). Ina well-designed burner, however, No2aiJt will 
be negligible compared to No, and not vice versa. 

Naturally, a low concentration can always be obtained by diluting the carrier 
gas toa sufficient extent. It is however more elegant to work with a small flame. 
One then avoids all the messy business of dilution, and the small dimensions 
of the reaction zone in the fiame mean that the field strength need only be high 
in a small region. 

The height of the flame will be determined by the rate at which the carrier 
gas comes from the chromatographic column. A realistic value for this may be 
taken as 1 ml/s. 

(c) The relation between gas velocity and surface area of the burner mouth 
is given in eq. (1.9) in terms of the burning velocity. This formula can also 
be written as Obvg > SuOb. We have mentioned above that the lower the 
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burning velocity is made by the addition of nitrogen, the better. The burning 
velocity for the stable fiame is about 10 cm/s, and the flow rate of the gas 
Obvg is about 1 cm3/s (for H2 + N2). The surface area of the burner mouth 
must thus be less than 0· 1 cm2 (0 3.6 mm). The diameter is in fact usually 
taken as 2 mm or less. 

(d) In order to avoid thermionic emission, the burner mouth should be made of 
a material with a high work function. If this material also has a good thermal 
conductivity, the gas mixture is preheated less, which reduces the burning rate. 

· One can then make do with adding less nitrogen. 

(e) The field strength can be made as high as possible in the reaction zone, which 
wil! lie nearer to the burner mouth as the latter is wider, by using the mouth 
itself as one of the electrodes. For this reason, one would wish to make the 
burner mouth as wide as possible. The other electrode should then be placed 
centrally opposite the burner mouth, and should preferably be circular in form. 
The area of this electrode should be somewhat greater than that of the burner 
mouth, since the flame fans out somewhat (fig. 1.4). In this way, one gets fairly 
straight lines of force between the two electrodes. In many other designs, the 
lines of force are quite badly curved. 

(f) The other electrode should not be placed too close to the mouth of the 
burner, as it would then become overheated and begin to emit thermal electrons. 
This would cause the noise to increase. 

(g) The mixing of hydrogen and oxygen should take place before the flame, 
to avoid turbulence in the Jatter. 

(h) The oxygen round the flame may be 100% pure, or may be mixed with 
nitrogen. In the Jatter case, an air mixture wil! offer practical advantages. 
According to Verbrugh 1748), the burning velocity of a diffuse flame does not 
increase much with more than 30 % of oxygen in the surrounding atmosphere. 
Whether more than 20 % oxygen is advisable depends on how much nitrogen 
mixed with hydrogen is added to the flame, since more oxygen in the atmosphere 
increase's the burning velocity. The unfavourable effects of this have been 
sketched in section 1.10.2. If a high nitrogen flow ra te is needed, it may be worth 
while enricbing air with oxygen 1810. Halász and Schneider 1792) find that this 
gives a higher signal. 

(i) The air added to the flame should have laminar flow to avoid turbulence. 

(j) Even when air is used, there may be some point in isolating the flame from 
the surroundiogs. The air to be used can then be freed ofundesirable substances 
before use. The dimensions of the enclosure should not be chosen too small, 
as this would interfere with the desired form of the lines of force. 

(k) Naturally, the enclosure should have escape holes for the combustion 
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products and the excess air. If the detector is at room temperature, it must be 
remembered that the combustion products include water (2 ml/hour). If they 
cool off too much before escaping, water may condense in the enclosure or in 
the escape holes themselves. This leads to an unsteady flame, because the 
enclosure is shut off from the outside air until a certain excess pressure is built 
up. This pressure is then released, built up again, released, and so on. The 
escape holes must thus be placed at a certain distance, but not too far, above 
the burner mouth. If they were too close, they would interfere with the laminar 
flow of the air. Another solution has been suggested by Leipnitz and Kon
necke lSOO). 

(!) One of the electrodes must be well insulated (insulation resistance more than 
1012 0) in order to allow measurement of the signa! obtained. 

One solution for this is shown in the working drawing of fig. 1.5. Naturally, 
other designs are also possible. Many of these, most of which have been 

Fig. 1.5. Working drawing of flame 
ionization detector. 

... 
~ 

"' . ~ 

! 

... 

s ect.AA 

02660 UG-261/U 

teflon 

AL 

~--'2~0 ..... ,~o --\•='o-<eo mm 

designed "by intuition", are described in the literature and are commercially 
available. Data about these, including some which will be discussed in the next 
chapter, are summarized in table 1-VI. 

It wil! be clear from this table that the design is not very critica!, but if one 
wishes to extend the working range as much as possible, both at the high
concentration end and the low-concentration end, attention must be paid to 
these quantities. 
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TABEL 1-VI 

CHARACTERISTICS OF SOME FLAME IONIZAT!ON DETECTORS DESCRIBED IN THE LITERATURE 

McWilliam 1736) mentions that his detector was lioear up to 8 ~~ without giving any more 
details, white Dewar 1790) claims 17 %. Since most authors do not give the most important 
quantity, the detection limit, this is not included in this table. 

0 burner r··;,; """'~ VH2 vol- noise zero vuy 
VN2 (ml/ Va.ir burner current for to ref. (ml/min) min) (l/hour) (mm) tage (A) 

(A) pro;:ane vol.% (V) µCfmgl 

30 25 i'5 21 needle +300 10-15 1·2.I0-11 J.6 1 1781 
50 50 I·O 0·325 -200 l ·8.10-15 10-11 ~23 1 1803 
1-3 20 0·5(02) 0·2 ? 100 10- 13 10-12 ~0·5 ? 1792 
0·5-3(A) 20 0·25 0·25 - 300 10- 13 ? ? ? 1751 
<l 20 0·2 to 0·5 0·4 + 60 l0-7 µgr 5.10-12 ? ? 1788 
60 60 0·83 ? 'f 180 3·9.10-14 3.10-11 ~15 0·5 1705 
- 50 l 0·2 - 90 2·5. 10-15 2·6. 10-12 ~0·2 ? 1798 
~7 20 >0·6 0·35 -120 10-14 l ·5.10-12 ~6·0 ' ? 1789 
50 50 0·52 0·3 +300 5.10-14 10-12 30 1 1821 
0·3 0·25 ? 0·5 180 ? ? 2-3 0·6 1812 
50 8·3 0·6 21 needle ? 250 5.10-13 ? ~3 ·3 ? 1804 
2-40 10-20 0·5(02) 22 needle ? 90 ? ? ~3 ? 1783 
> 30 26·7 1-5 2·0 - 135 4.10- 14 3.10- 11 1 19 fig. 

1.5 

The main differences are in the form of the counter electrode. The effect of 
this has been investigated by e.g. Desty et al. 1788), Dewar 1790), Spolnicki and 
Crooks 1810), Novak and Janak 1808), Helzhäuser and Kuhl 1797) , Gallaway and 
Burnell 1791) and Carroll Jr 1785). The inftuence of the burn er cross-section has -
been briefly discussed by Kaiser 1112), and the burning velocity has been touched 
on by Sternberg et al. 1742). Design detail sand characteristics have also been 
published by Desty et al. 1788), Cowan and Sugihara 1786) and Haruki and 
Itaya 1796). A certain amount of information is to be found in e.g. Thomp
son 1811), Harley et al. 1795), Murray and Williams 1806), Oster 1809), Jentzsch 
and Friedrich 1799), Cropper and Kaminsky 1787), Me Kinney et al. 1826) and 
Durrett et al. 1751). One naturally wants to know how different ionization 
detectors compare with one another. Some information about this has already 
been given in table 1-Il. The flame ionization detector and the argon detector 
have been compared by e.g. Ettre 1824), McNair et al. 1827), Morgan 1804), 

Condon 1821) and Durrett et al. 1761). Nearly all these authors agree that the 
argon detector can indicate the presence of slightly smaller amounts of sub
stance, but that this is the only advantage it has, and it also has certain dis
advantages. Moreover, most authors have not taken into consideration that 
the electron per C atom is constant to within ± 10 % for nearly all compounds 
in the ftame ionization detector, as long as corrections are made for the presence 
of oxygen, halogens and sometimes double bonds in the compound in ques
tion 1 792). Further, the linearity of the relation between the electron yield and 
the amount of substance is often not taken into consideration when making 
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the comparison. Here too the flame is better than the argon detector (see 
chapter 4 for the linearity of this relation for the ftame detector). 

1.11. Otber possibilities using a "ftame" 

The performance of a tiny hydrogen ftame only a few millimetres high as 
regards sensitivity and linearity of detection (chapters 2 and 4) is remarkably 
good. Nevertheless, this detector does leave something to be desired. lt is to 
be expected that it will be possible to predict the sensitivity for different com
pounds better in the future, when more is known about the cracking process. 

lt is not to be expected that the flame will be able to give much information 
about the nature of the compound, since the ionization reaction is the same for 
all compounds. It may however well prove possible to follow the pyrolysis 
spectroscopically 1845, 1842) and to get information in this way. This will not 
be possible for low concentrations, because of the low luminous intensity. 
Moreover, the flame spectrum already contains a large number of lines and 
bands 1859, 1861, 1848, 1703). Applications as in a ftame photometer have been 
mentioned by Franc 1846), Grant l850), Juvet and Durbin l852), Gunther et 
al. 1851) and Kaiser 1111). 

The measurement of the flame temperature was used as a detection method 
for some time, but hardly at all now any more 1879· l880), see further list of 
references. 

lt does look however as if some use might be made of chemi-luminescence. 
The following reactions, among others, can occur: 

Cu + H + X -;.. CuH* + X CuH* -;.. CuH + photon 

N2* + Na -;.. N2 + Na* Na* -;.. Na + photon 

) 

CH + 0 + M -;.. (CO + H) + M+ + e 

M+ + e -;.. M* etc 

OH* + M -;.. OH- + M+ if Vip < 7eV 

(1.18) 

Stimulated emission thus occurs with the metals. In the chemi-ionization 
reactions, the extra energy present is used for ionization. This type of reaction 
involves the excitation of the outermost electrons, which requires less energy. 
They have been discussed e.g. by Alkemade 1840), Bulewicz and Sugden 1844), 
Bulewicz and Padley 1843), Hayburst and Sugden 1729), Padley et al. 1855), 
Padley and Sugden 1857), Gilbert Jr 1849) and Massey 1905). 

The possibility of detecting elements with an ionization potential of between 
4 and 9 V, and the possibility of designing an oxygen detector have already 
been mentioned. 

The use of atomie nitrogen for exciting organic compounds is dealt with 
in chapter 7. Excitation of metal atoms in this way has been described by 
Garvin and Broida 1847). 



-30-

REFERENCES 

REVIEW ARTICLES ON IONIZATION DETECTORS 

11°1) H. Boer, A comparison of detection methods for GC including detection by beta ray 
ionization, Eur. Symp. GC. 1, 169, 1956. 

ll02) S. J. Clark, Ionization detectors, Jarrell-Ash publication 26-750(A), Newtonville, U.S.A. 
1103) S. Da 1 N ogare, R. S. J uv et Jr., GLC, theory and practice, 180, 303, 332, Interscience, 

New York, 1962. · 
1104) D. H. Desty, Yapor detectors for GC, Nature 180, 22, 1957. 
1105) A . Dijkstra, De detectie in de GC, Chem. Weekbl. 59, 429, 1963. 
1106) C. J. Hardy, F. H. Pollard, GLC, J . Chrom. 2, 10, 1959. 
H07) H.M. Hausdorff, N. Brenner, GC, Part 2, instrumentation techniques, Oil & Gas 

J. 56, 122, (July 14) 1958. 
llOS) R. E. Joh nso n, GC detectors, Canisius College lnstitute on GC, Buffalo, N.Y. (Progress 

in Industrial GC. Vol. I, Plenum Press Ine., 1961). 
H09) R. E. Johnson, C. D. Lantz, Ionization detection systems for GC, 7th Detroit An

achem. Conf. Wayne State Univ., Detroit, Mich., Oct. 26-28, 1959. 
lllO) J . R. M., Detectors in vapor-phase chromatography, Chemica! Products, 20, 206, (May) 

1957. 
1111) R. Ka is er , About detectors, First Symp. on GC, 327, Society for GC of the DDR, 

Leipzig, 1958. 
11 12) R. Kaiser, Chromatographie in der Gasphase 1, llO, 2, 96, 3, 116, Bibliographisches 

lnstitut, Mannheim, 1961. 
1113) A.I. M. Keulemans, GC 2nd ed. 72, Reinhold, New York, 1959. 
1 ll4) A. B. Li t tlewo o d, GC principles, techniques, and applications, 242, Academie Press, 

New York, 1962. 
1115) J. E. Love 1 o c k, Ionization methods for the analysis of gases and vapors, Anal. Chem. 

33, 162, 1961. 
lil&) R. Machiroux , Les détecteurs en chromatographie gazeuse, Belg. Chem. Ind. 25, 

1061, 1960. 
1ll7) H. Purnell , GC. 265, J. Wiley and Soos Ine. , London, i962. 
1ll8) D. Sandulescu , Experimental GC Part VII, detectors, Revista de Chimie, 12, 549, 

1961. 
lll9) C. Schoedler, Les méthodes de détection utilisées en chromatographie en phasc 

gazeuse, Bull. Soc. Chim. France, 1962, 2323. 
1120) G. Schomburg, Neuere Entwicklungen auf dem Gebiet der GC Detektoren, Z. Anal. 

Chem. 189, 14, 1962. 
1121) R.~- Seligman, F. L. Gager Jr., Recent advances in GC detectors, "Advances in 

Analytica! Chemistry and Instrumentation'', Vol. I, 119, Interscience, New York, 1960. 
ll22) J.C. Stern berg, Detection devices for GC, Am. Symp. GC 4, 1963. 
1123) J.C. Sternberg, J. Bochinski, Gaseous electronic detectors, Pittsburg Conference 

on Analytica! Chemistry and Applied Spcctroscopy, March 4-8, 1963 . 
1124) P. H. Stirling, H. Ho, Ionization detectors for GC, Ind. Eng. Chem. 52, 61 A, (Nov.) 

1960. 
112s) M. Wurst, Detection methods and detectors used in GC, Chemicke Listy 54, 1042, 

1960. 

REVIEW ARTICLES ON THE DETECTION OF LABELLED COMPOUNDS IN GC 
i 201) J . P. Adloff, Techniques et applications de la radio-chromatographie en phase gazeuse, 

J. Chrom. 6, 373, 1961. 
1 202) F . Cacace, Labelled organics in GC, Nucleonics 19, 45, (May) 1961. 
1203) H. E. Do b b s, The detection of tritium labelled compounds in vapour phase chromato

graphy, J . Chrom. 5, 32, 1961. 
1204) H . W. Scharpensee!, Die kombinierte Gaschromatographie und Aktivitätsmessung 

14c und 3H-markierter Substanzen, Angew. Chemie 73, 615, 1961. 

REVIEW ARTICLES ON DETECTORS FOR MOLECULAR RADIATION 
1206) S. Flügge, Handbuch der Physik 45, Springer Verlag, Berlin, 1958. 
1201) J . Krugers, Detectoren voor radio-actieve stralingen, Diligentia, Amsterdam, 1961. 
1 20~) W. J. Price, Nuclear radiation detection, McGraw-Hill, New York, 1958. 
1209) J. Sharpe, Nuclear radiation detectors, Methuen, London, 1955. 



-31-

DETECTION OF LABELLED COMPOUNDS IN GC WITH IONIZATION CHAMBER 
1210) F. Cacace, GC separation and radiometric analysis of high-boiling substances marked 

with C14, Ann. Chim. 50, 915, 1960. 
1211) F. Cacace, I. U. L-H aq, Radiometric analysis ofvolatile organic compounds labelled 

with carbon-14 and hydrogen-3 by vapour-phase chromatopgraphy, Ric. Sci. 30, 501, 
1960. 

1212) L. H. Mason et al" Ionization chamber for high-temperature GC, J. Chrom. 2, 322, 
1959. 

1213) D. C. Nelson et al., Performance of an instrument for simultaneous GC and radio-acti
vity analysis, Anal. Chem. 35, 1575, 1963. 

1214) D. C. Nelson, D. L. Pa uil, Absolute calibration of GC apparatus from ion chamber 
measurements, Anal. Chem. 35, 1571, 1963. 

1215) P. Riesz, K. E. Wilzbach, Labeling ofsome CG hydrocarbons by exposure to tritium, 
J. Phys. Chem. 62, 6, 1958. 

1216) B. M. To 1 bert, Tritium measurement using ionization chambers, Advances in Tracer 
Methodo!ogy, I, 167, Plenum Press, N.Y" 1963. 

1217) K. E. Wilzbach, P. Riesz, Isotope effects in GLC, Science 126, 748, 1957. 
1218) J. Winkelman, A. Karmen, Useofanionization chamber for measuring radioacti

vity in GC effluents, Anal. Chem. 34, 1067, 1962. 
1219) R. Wolfgang, F. S. Rowland, Radioassay by GC of tritium and carbon-14 labelled 

compounds, Anal. Chem. 30, 903, 1958. 
1220) K. L. Simpson et al., The performance of a commercial high temperature ionization 

chamber for radioisotope analysis of GC vapors, J. Chrom. 13, 354, 1964. 

DETECTION OF LABEL LED COMPOUNDS IN GC WITH PROPORTIONAL COUN
TER TUBE 
1221) A. Yu. Aleksandrov, M.I. Yanovskii, Proportional gas-flow counter for·capillary 

radiochromatography, Kinetics and Catalysis 2, 714, 1961. 
1222) A. T. Ja mes, E. A. Piper, Automatic recording of the radio-activity of zones eluted 

from the GLC, J. Chrom. 5, 265, 1961. 
1223) A. T. James, E.A. Pip er, A compact radiochemical GC, Anal. Chem. 35, 515, 1963. 
1224) J. K. Lee et al., Proportional counter assay of tritium in GC streams, Anal. Chem. 34, 

741, 1962. 
1225) K. H. Lies er et al., Radioactivity GC with a proportional counting tube, Z.f. Anal. 

Chemie 191, 104, 1962. 
1226) J. B. Musgrave, F. S. Rowland, Proportional counter assay ofradioactive compo

nents in GC, Meet. A.C.S. 137, 26B, 1960. 
1227) W. G. Pye and Co. Ltd" Radiochromatograph, leaflet 186/5M/8.63/SP, Cambridge, 

England. 
l228) F. S. Rowland et al" Gas counting of tritium-Jabelled compounds, Oklahoma Confe

rence: Radiosotopes in Agriculture, Apr. 2-3, 39, 1959. 
l229) I. M. W hi ttemore, A proportional counter used for detection of radioactive compo

nents in GC, Univ. of Calif" Lawrence Radiation Lab" Bio-organic Chem. Quart. 
Rept. June-Aug" 49, 1960. 

123°) R. L. Wolfgang, Vapor phase proportional counting, Advances in Tracer Techno!ogy, 
1, 183, Plenum Press, New York, 1963. 

DETECTION OF LABELLED COMPOUNDS IN GC WITH GM TUBE 
1240) St. Behrend t, GC detection by labeling with radioactive reagents,Z. Phys. Chem. Neue 

Folge 20, 367, 1959. 
1241) G. Blyholder, Integrating counter cell for use with vapor phase chromatography, 

Anal. Chem. 32, 572, 1960. 
1242) B. J. Gudzinowicz, W. R. Smith, A new radioactive GC detector for the identifi

cation of strong oxidants, Meet. A.C.S. 142, 8B, 1962. 
1243) B. J. Gudzinowicz, W. R. Smith, New radioactive GC detector for identification of 

strong oxidants, Anal. Chem. 35, 465, 1963. 
1244) R. J. Ko kes et al., New microcatalytic-chromatographic technique forstudyingcatalytic 

reactions, J. Am. Chem. Soc. 77, 5860, 1955. 

DETECTION OF LABELLED COMPOUNDS IN GC WITH CRYSTAL SCINTILLA
TORS 
1250) H. J. Cluley, J. H. Konrath, The analysis of 14CO - 14C02 mixtures by GC separa-



-32-

tion and aqueous solution counting, Ana lyst 88, 761, 1963 . 
1251) A. Karmen et al., A flow-through method for scintillation counting of carbon-14 and 

tritium in GLC effluents, J. Lipid Research 3, 372, 1962. 
1252) A. Karmen, H.R. Tritch, Radioassay by GC ofcompourids labelled with carbon 14, 

Nature 186, 150, 1960. 
1253) W. R. Kritz, Chromatographic analysis of radioactive gases, Analytica! Chemistry in 

Nuclear Reactor Technology, 4th Conference, 268, 1960. 
1254) C. Moussebois , G. Duyckaerts, Note sur la radio-chromatographie gazeuse, 

J. Chrom. 1, 200, 1958. 
1255) E . Ra pki n, J. A. Gi b b s, A system for continuous measurement of radioactivity in flow

ing streams, Nature 194, 34, 1962. 

DETECTION OF LABELLED COMPOUNDS IN GC WlTH LIQUID SCINTILLATORS 
1260) Anonymous, Unit monitors radiation continuously: New scintillation flow detector 

measures alp ha a nd beta radioactivity, has up to 30 % efficiency, Chem. & Eng. News, 
39, 63, (April 17), 1961. 

1261) F. Cacace, Labelled organics in GC, Nucleonics 45, May 1961. 
1262) H. J. Dut ton, Monitoring GC for H3 and C1 4 - labelled compounds by liquid scintilla

tion counting, Advances in tracer methodology 1, 147, Plenum Press, New York, 1963. 
1263) H . J. Dutton etal. , The labeling of fatty acids by exposure to H 3-gas, Chem. and lnd . 

1958, 1176 (6/9). 
1264) F. A. ldding s , J . T . Wade, A system for combination of GC with liquid scintillation 

counting, J . Gas Chrom. 1, 31, 1963. 
1265) E. P. Jones et al., Labeling fatty acids by exposure to tritium gas II, Methyloleateand 

lineleate, J. Org. Chem. 25, 1413, 1960. 
1266) H. R. Lukens Jr, The relationship between fluorescence intensity and counting effi

ciency with liquid scintillators, Int. J. Appl. Rad . Is. 12, 134, 1961. 
1267) A.E. Lowe, D . Moore, Scintillation counter for measuring radioactivity of vapours, 

Nature 182, 133, 1958. 
1268) G. Popjak, Gas-liquid radiochromatography, Biochem. J . 73, 33 p, 1959. 
1269) G. Popjak , Scintillation counter for the measurement of radioactivity of vapors in 

conjunction with GLC, J . Lipid Res. 1, 29, 1959. 
1270) G. Popjak et al., Scintillation counter for simultaneous assay ofH3 and C14 in GLC 

vapors, J. Lipid Research 3, 364, 1962. 
1271 ) G. Po pj a ket al., Simultaneous measurement of C14 and H 3 during GLC, Advances in 

Tracer Methodology 1, 127, Plenum Press, New York, 1963. 
1272) H. W. Scherpenseel, K. H. Menke, Radiochromatographie mit schwachen ,8-Strah

lern, Z.f. Anal. Chem. 180, 81, 182, 1, 1961. 
1273) G. Stöcklin et al., Radio-GC of C-14- and C-11-labelled aliphatic hydrocarbons and 

amines, Z.f. Anal. Chem. 194, 406, 1963. 

"CROSS-SECTlON " DETECTORS 

1300) K . Abel, H. de Schmertzing, Dual-chamber micro cross-section detector for per
manent gas analysis, Anal. Chem. 35, 1754, 1963. 

l30 l) Brit. Pat. 828.121, Apparatus responsive to the composition of a gaseous medium, 
Anal. Abstr. 7, 2515, 1960. 

i302) S.J. Clark, The cross-section ionization detector, Gas Pipe (Jarrell Ash) 1, 1, 1963. 
!303) C. H. Deal et al., A radiologica! detector for GC, Anal. Chem. 28, 1958, 1956. 
!304) P. F. Deisler et al., Rapid gas analyzer using ionization by alpha particles, Ana!. 

Chem. 27, 1366, 1955. 
1305) G . Friedlander, J. W. Kennedy, Nuclear and Radiochemistry, J . Wiley and Sons, 

New York, 1957. 
1306) W. M. Graven , Ionization by a-particles for detection of the gaseous components in the 

effluent from a flow reactor, Anal. Chem. 31, 1197, 1959. 
!307) J . E. Lovelock et al. , Sensitive ionization cross-section detector for GC,An al. Chem. 

35, 460, 1963. 
1308) S. Matoufok, Comparison of integral and ditferential ionization detectors for GC, 

Eur. Symp. GC 3, 65, 1960. 
1309) S. Matousek, Ionization detector for GC, Chem. Prumysl 10, 16, 1960. 
1310) P . Platzek, J. Krugers, Die Wahl des geeignetsten Isotops und genügender Quellen

stärke für ein gegebenes Massenditferenzproblem, Kerntechnik 3, 71, 1961. 



-33-

1311) M. M. Shahin, S. R. Lipsky, The role of argon metastable atoms in the ionization 
of organic molecules, Anal. Chem. 35, 1562, 1963. 

1312) P. G. Simmonds, J. E. Lovelock, Ionization cross-section detector as a reference 
standard in quantitative analysis by GC, Anal. Chem. 35, 1345, 1963. 

"ARGON DETECTORS", GENERAL 
1400) 

1401) 

1402) 

1403) 

1404) 

1405) 

1407) 

1408) 

1409) 

1410) 

1411) 

1412) 

1413) 

1415) 

1416) 

1417) 

1418) 

1419) 

1420) 

1421) 

1422) 

1423) 

1424) 

1425) 

1426) 

H. K. Bo the, lonization detectors with radioactive sources, First Symposium on GC. 
203, Society for GC of the DDR, Edited by H.P. Angele, Leipzig 1958. 
H. K. Bothe, Investigations made with a beta-ionization detector, Second Symposium 
on GC, 69, Society for GC of the DDR, Edited by R.E. Kaiser and H. G. Struppe, 
Böhlen, 1959. 
C. J. F. Bötcher et al., Response of the {3-ray ionization detector to unesterified lower 
fatty acids in GLC, J . Chrom. 3, 582, 1960. 
H. K. Bothe, An ionization detector for GC, Isotopen~echnik 1, 163, 1961. 
P. J. Bo u r k e et al., Analysis of VPM impurities in helium by GC and ionization, 7th 
Conference on Analytica! Chemistry in NuclearTechnology, Gatlinburg, Tenn., Oct. 8-10, 
1963. 
E. S. Eva n s, F. E. Win g J r, Design and performance of a new ionization detection 
system for GLC, Pittsburgh Conf. on Anal. Chem. and Appl. Spectr., March 2-6, 1959. 
J. W. Farquhar et al., The analysis of fatty acid mixtures by GLC: constructionand 
operation of an ionization chamber instrument, Nutrition Reviews 17, No. 8, Pt. Il, 
Aug. 1959. 
R. A. F os ter et al., Principles of operation of argon ionization detectors for GC, Pitts
burgh Conf. on Anal. Chem and Appl. Spectr. Feb. 27 - March 3, 1961. 
Yu. A. F r a nk , M. I. Yanovskii , A microionization detector for capillary GLC, 
based on promethium-147, without the use of an additional gas stream, Kinetics and 
Catalysis 2, 274, 1961. 
A. K. Ga 1 wey, GC analysis of hydrogen-methane mixtures using the radioactive 
ionization detector, Chem. & Jnd. 1960, 1417, November 12, 1960. 
A. K. Ga 1 wey, Application of the radioactive ionization detector to the determination 
of permanent gases by GC and some uses in studies of chemica! kinetics, Talanta, 9, 
1043, 1962. 
A . K . Ga 1 wey, Use of the argon GC in determination of carbon in steel, Talanta 10, 
310, 1963. 
G. Garzo, F. Tril, Argon ionization detector in GLC of organosilicon compounds, 
Talanta 10, 583, 1963. 
G. A. Gas i ev et al., Effects of some parameters on the functioning of an ionization de
tector using promethium-147, Russ. J. Phys. Chem. 35, 563, 1961 . 
T. Gers on, G LC: the introduction of samples, the preconditioning of polyester liquid 
phases and the measurement of RF values in the analysis of fatty esters, J. Chrom. 6, 
178, 1961. 
G. G na u ck, Trace analysis of inert gases by GC using ionization detectors, Z. Anal. 
Chemie 189, 124, 1962. 
B. J . Gud z ioowicz, W. R. Smith, High temperature GLC. Exploratory studies using 
an ioni zation detector chromatograph, Anal. Chem. 32, 1767, 1960. 
B. J. G u dzi now icz, W. R. Smith, Modifications to an ionization detector chromato
graph for high temperature gas-liquid chromatography exploratory studies, Anal. Chem. 
33, 1135, 1961. 
H . L. Ha Il , Quantitative GSC determination of carbonyl sulfide as a trace impurity io 
C02, Anal. Chem. 34, 61, 1962. 
J . A. Ha u se et al., Determination of sorbitol as its hexacetate by GLC using an ioniza
tion detector, Anal. Chem. 34, 1567, 1962. 
0 . L. Hollis, GLC analysis oftrace impurities in styrene using capillary columns, Anal. 
Chem. 33, 352, 1961. 
0. L. Hollis, W. V. Hayes, GLC analysis of chlorinated hydrocarbons with capillary 
columns and ionization detectors, Anal. Chem . 34, 1223, 1962. 
A. Karmen et al. , Comparison of He and Ar in ionization detectors, J. Chrom. 9, 13, 
1962. 
S. R. Lipsky et al. , Separation oflipides by GLC, Anal. Chem. 31, 852, 1959. 
S. R. Lips ky, Argon detectors, Chem. and Eng. News 1960, 110 (14/3); 1960, 5 (18/4). 
S. R. Lipsky, M. M. Sh a hin , Use of xenon and krypton as carrier gases fora highly 
sensitive detection system for GC, Nature 200, 566, 1963. 
J. E. Lovelock, A sensitive detector for GC, J . Chrom. l, 35, 1958. 



-34-

1427) J. E. Lovelock, A detector for use with capillary tube columns in GC, Nature 182, 
1663, 1958. 

1428) J. E. Lovelock, The "argon" detector, Eur. Symp. GC 2, 330, 1958. 
14 29) J . E. L ovelock, Ionization methods for the measurement of low vaporconcentrations 

in GC, Pittsburgh Conf. Anal. Chem. and Appl. Spectr" March 2-6, 1959. 
1430) J. E. Lovelock et al., A new type of ionization detector for GC, Ann. New York Acad. 

Sci. 72, 720, 1959. 
1431) J . E. Lovelock, Argon detectors, Eur. Symp. GC3, 16, 1960. 
1432) J. E. Lovelock, Improvements in and relating to the detection and/or analysis of low 

concentrations of gases and vapours, Brit. Pat. 882.977, 1961. 
1433) D . A. M. M ackay et al., Objective measurement of odor, ionization detection of food 

volatiles, Anal. Chem. 33, 1369, 1961. 
l4S4) R . Mahadeva I yer, J . P. Mittal, A modified design of a high temperature argon 

beta-ray detector for GC, J. Chrom. 11, 404, 1963. 
1435) J . L. Martin, Elimination of the water effect on argon ionization detectors fitted to 

Pye chromatographs, Analyst 88, 1963. 
1436) J. P. Nelson, A. J. Milun, Anomalous response of a beta-ray ionization detector to 

steroids, Chem. and Ind. 1722, (Sept. 29) 1962. 
1437) S. N. Oziraner et al., Ionization detector using prometium-147 for GC, Industrial 

Laboratory 25, 791, 1959. 
1438) J. R. Roehrig, GC U.S. pat. 3.009.061 , 1961. 
1439) R. D. Sch wa rtz, D. J . Br a ssea ux, Resolution of complex hydrocarbon mixtures 

by capillary column GLC, Anal. Chem. 35, 1374, 1963. 
1440) M. E. Sharpless, Structural effects on quantitative GC detector response (methyl 

esters of dicarboxylic acids), J . Chrom. 12, 401, 1963. 
1441) R . P. A. Sims , A note on the use of partially overloaded {3-ray ionization detectors in 

GC, J . Chrom. 8, 538, 1962. 
1442) K. F. Sporek, M.D. Danyi, Detection and identification of alcohols, alkoxy groups, 

lignin, and wood by GLC, Anal. Chem. 34, 1527, 1962. 
1443) C. C. Sweeley, Ta-Chuang, Lo Chang, GC of steroids. Relation of structure to 

molar response in an argon ionization detector, Anal. Chem. 33, 1860, 1961. 
1444) R. Teranishi et al., Versatile ionization detector for GC, Anal. Chem. 32, 896, 1960. 
1445) G. M. Touayheb et al., Quantitative GC analysis of hydrocarbon systems using the 

Lovelock diode detector and capillary columns, Anal. Chiro. Acta, 26, 378, 1962. 
1446) F . T. Up ham et al" Some characteristics of a Sr-90 beta-partidedetector for GLC,Anal. 

Chem. 33, 845, 1961. 
1447) F . Upham et al" Gas phase chromatography employing a strontium-90 radiation de

tector, Univ. of Calif" Lawrence Radiation Lab" Biology and Medicine Semiannual 
Rept" April through September 1959. 

1448) D . Welti, T . Wilkins, Effect of an argon-nitrogen carrier gas mixture on the sensiti
vity ofa GC ionization detector, J. Chrom. 3, 589, 1960. 

1449) F . E. Wing Jr" The design and performance of a new ionization detection system for 
GLC, Fifth Nat. Symp. Instrumental Methods of Anal., Houston, May 18-20, 1959. 

1450) W. A. Wis eman, Comparison of helium and argon in ionization detectors, Nature 190, 
1187, 1961. 

1451) W. A. Wiseman, Detection by ionization of gases in helium used in GC, Nature 192, 
964, 1961. 

1452) M. Yamane, Quantitative GC analysis by ionization detector, J . Chem. Soc. Japan, 
Indust. Chem. Section (Kogyo Kagaku Zasshi) 64, 1961. 

1453) M.I. Yanovskii, G. A. Gaziev , Gas-fluid radiochromatograph, VestnikAkad. Nauk 
S.S.S.R. 30, (5), 27, 1960. 

ANAL YSIS OF PERMANENT OASES WJTH ARGON DETECTORS 
1500) R . Berry, An ultra-sensitive ionization detector for permanent gas analysis , Nature 188, 

578, 1960. 
1501) R. Berry, Analysis of milli-microlitre quantities of permanent gas mixtures, Eur. 

Symp. GC 4, 38 (preprints) 1962. 
1502) J. E. Ellis, C. W. Forrest, Analysis of permanent gases by GSC using an ionization 

method for detection, Anal. Chim. Acta 24, 329, 1961. 
1503) Gas chromatography Ltd" Helium detector, Newsletter issue 2, 1963. 
1504) G . Gnauck, GC determination of permanent gases with a beta-ray detector, Proc. 

3rd Symp. on GC, Schkopau, 99, May 1961. 



-35-

1505) G. Gnauck, Die gaschromatographische Spurenanalyse von permanenten Gasen mit 
Ionisationsdetektoren, Z.f. Anal. Chem. 189, 124, 1962. 

1506) Ja rrell-Ash Co" The determination of permanent gases, Newtonville, U.S.A. 
1507) R . E. Johnson, Detection of stable gases with the argon ionization detector, ISA 

Symposium on Instrumental Methods of Analysis, ISA Proc. 6, CI0-1 - Cl0-6, 1960. 
l 50S) A. Karmen et al., Detection by ionization of atmospheric gases during analysis by GC, 

Nature 191, 916, 1961. 
1509) R . A. Landowne, S. R. Lipsky, GC analysis of permanent gases using standard 

ionization equipment, Nature 189, 571, 1961. 
1510) R . Lesser, Nachweis sehr kleiner Mengen anorganischer Gase rnit einem lonisations

detektor, Angew. Chem. 72, 775, 1960. 
1511) S. R. Lipsky, M. M. Shahin, Sensitive ionization system for the detection of perma

nent gases and organic vapours by gas chromatography, Nature 197, 625, 1963. 
1512) R. V. Parish, W. H. Parsons, The "helium-detector" for GC, Chem. and Ind. 

(London) 1961, 1951. 
1513) J. Serpinet, Note sur la détection très sensible des gaz permanents en chromatographie 

gazeuse au moyen du détecteur à hélium métastable, Anal. Chim. Acta 25, 505, 1961. 
15 14) M. M. Shahin, S . R . Lipsky,Themechanismsofoperationofanewandhighlysen

sitive ionization system for the detection of permanent gases and organic vapors by 
GC, Anal. Chem. 35, 467, 1963. 

15 15) V. Willis, Analysis of permanent gases by GC using a radio-active ionization type 
detector, Analysis by GC of a pure sample with an impure carrier, Nature 184, 894, 1959; 
183, 1754, 1959. 

1516) W. A. Wiseman, Detection by ionization of gases in helium used in GC, Nature192 
964, 1961. 

VARIOUS DESIGNS OF ARGON DETECTORS 
1550) W. M. Barbour, D. R. R uschneck, A broad-range ionization detector, 14th Annual 

Mid-America Spectr. Symp" Chicago, May 20-23, 1963. 
1551) E. E v ra r d et al" Self-sustained discharge detector for chromatographic analysis of per

manent gases, Nature 193, 59, 1962. 
1552) A. F. Findeis, Gas analysis by Geiger puls attenuation, Meet. A.C.S. 144, 20 B, 1963; 

142, 7 B, 1962. 
1553) R. A. Foster, A photoelectrically-excited argon ionization detector, Pittsburgh Conf. 

on Anal. Chem. and Appl. Spectr., Feb. 27 - March 3, 1961. 
1554) R. A. Foster, Detector for GC, U.S. Pat. 3.087.113, 1963. 
1555) S. A. Fox, GC ionization detector, U.S. Pat. 3.029.358, 1962. 
1556) E. Haahti, lonization detector for GC, A modification without radiation source, 

J. Chrom. 3, 372, 1960. 
1557) E. H aah ti, T. N i kkari, A new sensitive detector for GC, Acta Chem. Scand.13, 2125, 

1959. 
l55B) E. A. Hinkle et al" A high-vacuum ionization detection for GC analysis, Am. Symp. 

GC 2, 55, 1959. 
1559) A. Ka rmen et al" Detection by ionization of atmospheric gases during analysis by GC, 

Nature 191, 906, 1961. 
1560) A. Karmen, R. L. Bowman, Self-sustained discharge detector for GC, Nature 196, 62, 

1962. 
li>61) M. Lefort, Sur une méthode de microanalyse de gaz, Bull. Soc. Chim. France 14, 239, 

1960. 
1562) S. A. Ryce, W. A. Bryce, An ionization gauge detector for GC, Nature 179, 541, 

1957; Can. J. Chem. 35, 1293, 1957. 
1563) W. J . Schmidt-Küster, L. Wiesner, Besondere Probleme bei der Entwicklung und 

Anwendung von lonisations-detektoren in der GC, Erdöl und Kohle 15, 193, 1962. 
1564) M. M. Shahin, S. R. Lipsky, The mechanisms of operation ofa new and highly sen

sitive ionization system for the detection of permanent gases and organic vapors by 
GC, Anal. Chem. 35, 467, 1963. 

1565) 0. Wahlroos, A high-field emission ionization detector for GC, Acta Chem. Scand. 
15, 708, 1961. 

1566) T. Westermark, Electrical gas discharge; competitor to radiation ?, Nucleonics 19, 
90;(May) 1961. 

1567) L. Wiesner et al" Application of radioisotopes toa GC detector for direct indication of 
concentration, Radioisotopes in the Physical Sciences and Industry 2, 225, IAEA, 
Vienna 1962. 



-36-

1568) L. Wiesner , W . J. Schmidt-Klister, Eigenschaften des Zählrohrdetektors für die 
GC, Angew. Chem. 73, 709, 1961. 

1569) M. Yamane, A new argon ionization detector for GC, J. Chrom. 9, 162, 1962. 
1570) M. Yamane, Operational mechanism and performance ofa subsidiary discharge argon 

ionization detector, J. Chrom. 11, 158, 1963. 

ELECTRON-AFFINITY DETECTORS 

lGOO) E. M. Ba rra 11, P. Bal li n ger, GC analysis of lead alkyls with electron affinity detectors, 
Meet. A.C.S. 144, 18 B, 1963. 

1601) E. M. Barrall, P. Ballinger, GC analysis of lead alkyls with electron affinity de
tectors, J. Gas. Chrom. 1, 7, (Aug.) 1963. 

1602) H. Beckma n, A . Beven ue, Nematocide analysis by GC withelectron capture detector, 
Meet. A.C.S. 144, 8 A, 1963. 

1603) T. A. Bel lar, J. E. Sigs by Jr., Application of electron capture detector to GC in air 
pollution, Meet. A.C.S. 144, 25 R, 1963. 

1604) T. E. Bortner, G. S. Hurst, Apparatus for measuring electron attachment: results for 
oxygen in argon, Health Phys. 1, 39, 1958. 

1605) E. Broda, T. Schönfeld, Die technischen Anwendungen der Radioaktivität, VEB 
Verlag Technik, Berlin 1956. 

1606) S. J. Clark, Advances in ionization detectors - The electron-affinity detector, Proc. 12th 
Ann. Symp. Spectr. Chigaco, 215, Plenum Press, New York, 1962. 

1607) S. J. C 1 ark, Quantitative determination of pesticide residues by electron absorption 
chromatography, Meet. A.C.S. 144, 2 A, 1963. 

1608) K. A. McCull y, W. P . McKi n ley , Determination of chlorinated pesticide residues in 
fat by electron capture GC, National Conference of the Canadian Institute of Food 
Technology, Ottawa, June 1963. 

1609) E. F. Darley et al., Analysis of peroxyacyl nitrates by GC with electron capture detect
ion, Anal. Chem. 35, 589, 1963. 

1610) H. J. Da wso n Jr., Determination of methyl-ethyl lead alkyls in gasoline by GC with 
an electron capture detector, Anal. Chem. 35, 542, 1963. 

1611) P. R. D uga net al., Pesticide analysis in a New York State watershed,an application of 
electron capture GLC, Meet. A.C.S. 145, 20 A, 1963. 

1612) S. Eh renso n, A closed form analysis of the LCAO-MOQ-Technique 1: Ionization po
tentials and electron affinities, J. Phys. Chem. 66, 706, 1962. 

1613) R. G ou Id en, lmprovement of identification in the GLC analysis of agricultural sam!')les 
for residues of some chlorinated pesticides, Analyst 88, 951, 1963. 

161 4) N.L. Gregory , J. E. Lovelock, Electron capture ionization detectors, Am. Symp. 
GC 3, 151, 1961. 

1615) W. H. G u tenm a n n, D. J. Lis k, The electron affinity detector in pesticide residue ana
lysis, J. Agr. Food. Chem. 11, 301, 1963. 

16 16) H. Hartmann, K. P. Dimick, GC and electron capture for the analysis ofpesticides, 
Meet. A.C.S. 144, 2 A, 1963. 

1617) G. P. H i 1 de brand et al., GC analysis of lead alkyls with electron affinity detectors, Meet. 
A.C.S. 144, 18 B, 1963. 

161 8) R. A. Landowne, S. R. Lipsky, Electron capture spectrometry, an adjunct to GC, 
Anal. Chem 34, 727, 1962. 

16 19) R. A. Landowne, S. R. Lipsky, Electron affinity spectroscopy 11.A quantitative stu
dy of operating parameters and the qualitative and quantitative distinction between 
compounds containing the same heteroatom, Meet. A.C.S. 141, 26 B, 1962. 

1620) R. A. Landowne, S. R. Lipsky, Ultrasensitive analysis of amino acids via GC and 
electron capture spectrometry, Fed. Proc. 22 (2) Part l : p. 235, (April) 1963. 

1621) R. A. Land owne, S. R. Lipsky, The electron capture spectrometry of haloacetates : 
A means of detecting ultramicro quantities of sterols by GC, Anal. Chem. 35, 532, 1963. 

1622) R. E. Laramy etal., The application of the electron capture detector to the analysis of 
lead alkyls in gasoline, Pittsburgh Conf. Anal. Chem. and Appl. Spectr., March 5-9, 
1962. 

1623) J. E. Love loc k, Affinity of organic compounds for free electrons with thermal energy: 
its possible significance in biology, Nature 189, 729, 1961. 

1624) J . E. Lovelock, Electron absorption detectors and technique for use in quantitative 
and qualitative analysis by GC, Anal. Chem. 35, 474, 1963. 

1625) J . E. Love lock et al., Affinity of steroids for electrons with thermal energies, Nature 
197, 249, 1963. 



-37-

16 26) J. E. Lovelock, N.L. G regory, Electron capture ionization detectors, Am. Symp. 
GC 3, 219, 1961. 

1627) J. E. Lovelock , S. R. Lipsky , Electron affinity spectroscopy. A new method for the 
identification of functional groups in chemica! compounds separated by GC, J. Am. 
Chem. Soc. 82, 431, 1961. 

1628) J. E. Lovelock, A. Zlatkis, A new approach to lead alkyl analysis: gasphase electron 
absorption for selective detection, Anal. Chem. 33, 1958, 1961. 

1629) G. N eville, Electron affinity chromatography, Tenth Anachem. Detroit Conference, 
Wayne State University, Detroit, Mich., October 22-24, 1962. 

1630) D. L. Petitjean, C. D. Lantz, Electron attachement deterrnination ofthiophosphate 
pesticides in the picogram range, J. Gas Chrom. 1, 23, (February) 1963. 

1631) W. D. Ross, Detection of metal chelates in GLC by electron capture, Ana:. Chem. 
35, 1596, 1963. 

1632) R. D. S tewart et al., Detectionof halogenated hydrocarbons in theexpired air of human 
beings using the electron capture detector, Nature 198, 696, 1963. 

1633) P. F. Washbrooke, Elektroneneinfang als Detektorverfahren in der GC Analyse, 
Chemiker Zeitung 86, 377, 1962. 

1634) J. 0. Watts, Electron capture GC, Symposium on Recent Developments in Research 
Methods and Jnstrumentation, Bethesda, October 8-12, 1962. 

1635) W. E. Wen tworth, R. S. Becker, Potential method for the determination of electron 
affinities of molecules: application to some aromatic hydrocarbons, J. Am. Chem. Soc. 
84, 4263, 1962. 

1636) I. H. Williams, Application of the electron affinity detector to the GC study of air pol
lutants, Meet. A.C.S. 142, 1962. 

1637) A . Zlatkis, Electron capture detection systems, Tenth DetroitAnachem. Conference, 
Wayne State University, Detroit, Mich., October 22-24, 1962. 

REVIEW ARTICLES ON THE FLAME IONIZATION DETECTOR 

1700) C. Th. J. Alkemade, Ionisatie onderzoek van vlammen, Ned. T . Nat. 29, 448, 1963 
1701) H. F. Calcote, Mechanisms for the formation of ions in flames, Comb. and Flame 1 

385, 1957. 
1702) S. Fl ügge, Handbuch der Physik 21, Springer Verlag, Berlin 1956. 
1703) A. G. G ayd on, The spectroscopy of flames, Chapman and Hall Ltd, London 1957. 
1704) N . R . Mukherjee, !ons in flames, Symp. Comb. 8, l, 1960. 
1705) L. Ongkiehong, The hydrogen flame iooization detector, Thesis Eindhoven, 1960, 

Eur. Symp. GC 3, 7, 1960. 
1706) T . M. S u gden, Conducting flames, Science Progress 51, 177, 1963. 
1101) F. L. Tufts, Phenomena of ionization in flame gases and vapors, Phys. Rev. 22, 193, 

1906. 
1708) A.G. Gaydon, H. G. Wolfhard, Flames, their structure, radiation and tempera

tures, Chapman and Hall. Ltd., 2nd. ed., London 1960. 

MECHANISM OF FLAME IONIZATION DETECTOR 

1710) E . M . B ulew icz, P.J. Pa dley, A cyclotron resonance study of ionization in low-pres
sure flames, Symp. Comb. 9, 638, 1962. 

1711) H . F. Ca !co te, l. R. King , Studies of ionizationin flames by means onangmuir pro bes, 
Symp. Comb. 5, 423, 1955. 

1712) H. F . C a Ic o te, Ion production and recombination in flames, Symp. Comb. 8, 185, 1960. 
17 13) H . F. Cal co te, Ion and electron profiles in flames, Symp. Comb. 9, 622, 1962. 
1714) M. A. A. Clyne, Rates of some atomie reactions in vol ving hydrogen and oxygen, Symp. 

Comb. 9, 211, 1962. 
1715) E. N. Co hen et al., Some observations on linearity of response with the flame ionization 

detector, J. Gas Chrom. 1, 14, 1963. 
1716) G. Di xo n - Lewis, A. Williams, Stability ofrich hydrogen-oxygen nitrogen ftames 

on a flat flame burner, Comb. and Flame 4, 382, 1960. 
1717) G. Dixon - Lewis, A. Williams, Methods ofstudying chemica! kinetics in ftames, 

Quarterly Reviews, 27, 243, 1963. 
1718) C . P. Feni more, G. W. Jones, The decomposition of ethylene and ethane in premixed 

hydrocarbon-oxygen-hydrogen flames, Symp. Comb. 9, 597, 1962. 
1719) A. Fontijn, G. L. Baughman, Chemi-ionization in the roomtemperature reaction of 

oxygen atoms with acetyleoe, J . Chem. Phys. 38, 1784, 1963. 
1720) J. L. Franklin, The chemica! behaviour~ of ions in gases, J. Chem. Ed. 40, 284, 1963. 



-38-

1721) W. S. Gallaway et al., A theoretica! interpretation ofhydrogenflameionizationdetector 
response, Pittsburgh Conf. on Anal. Chem. & Appl. Spectr., Feb. 27 - March 3, 1961. 

1722) F . H. G a rner, The effect of certain halogenated methanes on premixed and diffusion 
flames, Symp. Comb., 6, 803, 1956. 

17 23) K. H. Geib, P. Harteck, Durch H-atome ausgelöste Oxydationsreaktionen, Z.f. 
Physik. Chemie A 170, 1, 1934. 

1724) M. Gersten et al., Flamepropagationll and lil, J. Am. Chem. Soc." 73, 418, 422, 1947. 
1725) A. S. Gor don, Study of the chemistry of diffusion flames, Symp. Comb. 7, 317, 1958. 
1726) J. A. Green, T. M. Sugden, Some observations on the mechanism of ionization in 

flames containing hydrocarbons, Symp. Comb. 9, 607, 1962. 
1127) Th. G rewer, H. G. Wa gner, Die Reaktionszone von Flammen, Z. Phys. Chem. 

Neue Folge 20, 371, 1959. 
t728) I. Halász, Quantitative GC analysis ofhydrocarbons with capillary column and flame 

ionization detector (II), Am. Symp. GC 3, 287, 1961. 
1729) A. N. Hayburst, T.M.Sugden, Non-equilibriumionizationinflames,Symp.magneto

plasmadynamic electrical power generation paper 15, New Castte, 6-8 Sept. 1962. 
1730) S. Heimel, R . C. Weast, Effect of initial temperature on the burning velocity of 

benzene-air, n-heptane-air, and isooctane-air mixtures, Symp. Comb. 6, 297, 1956. 
1731) T. Kinbara, J . Nakamura, Diffusion flames and carbon formation, Symp. Comb. 

5, 285, 1955. 
1732) J. H . Knox, Rate constants of elementary reactions in hydrocarbon oxidation, Symp. 

Comb. 7, J 26, J 958. 
1733) Landolt-Bornstein, Atom and Molekularphysik, 2. Teil, Molekeln I, 35, Berlin, 

1951. 
1734) T. G . Lee , Electron attachment coëfficients of some hydrocarbon flame inhibitors, 

J. Chem. Phys. 67, 360, 1963. 
1735) G. Ma tton, lonization studies of flames stabilised in rapid flow. Measurement of ionic 

density in the flame, Symp. Comb. 6, 770, 1956. 
1736) I. G. McWilliam, Linearity and response characteristics of the flame ionization de

tector, J. Chrom. 6, 110, 1961. 
1 • 37) H. B. Palmer, D. J . Seeny, Chlorine inhibition of carbon monoxide fiames, Comb. 

and Flame 4, 213, 1960. 
1738) W. C. Price, The ionization and dissociation energies of molecules and radicals, 

J . Quant. Spectr. Rad. Tr. 2, 331, 1962. 
173~) D. A. Senior, Burning velocities of hydrogen-air and hydrogen-oxygen mixtures, 

Comb. and Flame 5, 7, 1961. 
1740) K. E. S hu Ier, J . Weber, A microwave investigation of the ionization of hydrogen-oxy

gen and acetylene-oxygen flames, J . Chem. Phys. 22, 491 , 1954. 
1741) S. R . Smith et al., Studies of diffusion flames lll, The diffusion flames of the butanols, 

J. Phys. Chem. 61, 553, 1957. 
1742) J. C. Stem berg et al., The mechanism of response of fiame ionization detectors, Am. 

Symp. GC 3, 231, 1961. 
1743) T . M. Su gden, B. A. Th rush, A cavity resonator method for electron concentration in 

flames, Nature 168, 703, 1951. 
1744) T . M. Sugden, Excited species in flames, Ann. Rev. Phys. Chem. 13, 369, 1962. 
1745) C. Tanford , R. N. Pease, Theory of burning velocity II; The square root law for 

burning velocity, J. Chem. Phys. 15, 861 , 1947. 
1746) A. Thomas, Carbon formation in flames, Comb. and F lame 6, 46, 1962. 
1747) A.v. Tiggelen, J. Deckers, Chain branching and flame propagation, Symp. Comb. 

6, 1961, 1957. 
1748) A. J . Verbrugh, Uitdovingsgrenzen van stationnaire vlammen en ternaire explosie

grenzen. Thesis Leiden 1939. 
1749) H . W i 11 ia m s, The predominant process of electron decay in the man tie of an acety

lene-air flame, Symp. Comb. 7, 269, 1958. 
1750) H. Wi se, W. A. Ro s ser, Homogeneous and heterogeneous reactions of flame interme

diates, Symp. Comb. 9, 7J3, 1962. 

SENSlTIVITY OF FLAME IONIZATION DETECTOR FOR VARIOUS COMPOUNDS 

1760) H. Brede!, Quantitative Analysis with the hydrogen flame detector, Chem. Techn. 13, 
46, 1961. 

1161) L. R. Durrett et al., Quantitative aspects of capillary GC ofhydrocarbons, Symp. GC, 
::liv. petr. chem. A.C.S" St. Louis, March 21-25, 1961. 



-39-

1762) L. S. Ettre, Quantitative reliability of hydrocarbon analysis with a capillary column
hydrogen flame ionization detector system, Presented at the Informal Symp. on Capil
lary GC at 64th Ann. Meet. ASTM, Atlantic City, 1961. 

1763) L. S. Ettre, Relative response of the flame ionization detector, Aus der Praxis - Für 
die Praxis (News Letter), Frankfurt am Main, Germany, 1962. 

1764) L. S. E ttre, Relative response of the flame ionization detector, J. Chrom. 8, 525, 1962. 
1765) L.S. Ettre, F. J. Ka bot, Relative response offatty acid methyl esters on the flame ioni

zation detector, J . Chrom. 11, 114, 1963. 
1766) L.S.Ettre, H. NewellClaudy, Hydrogen flame ionization detector, Chem. in Ca

nada 12, 34, 1960. 
1767) T. Fueno et al., Mechanism of ion formation in high-temperature flames, Symp. Comb. 

8, 222, 1960. 
1768) G. Perk ins Jr. et al., Response of the GC flame ionization detector to different functio

nal groups, Am. Symp. GC 3, 185, 1961. 
1769) G. Perk ins Jr. et al., The study of flame response and quantitative determination of 

high molecular weight paraffins and alcohols, Pittsburgh Conf. on Anal. Chem. and 
Appl. Spectr. March 5-9, 1962. 

1770) G. Per ki ns Jr. et al., Flame response in the quantitative determination of high molecu
lar weight paraffins and alcohols by GC, Anal. Chem. 35, 360, 1963. 

1771) W . A. Rosser et al., Mechanism of combustion inhibition by compounds containing 
balogen, Symp. Comb. 7, 175, 1958. 

DESIGN AND ADJUSTMENT OF FLAME IONIZATION DETECTOR 

1780) 

1781) 

1782) 

1783) 

1784) 

1785) 

1786) 

1787) 

1788) 

1789) 

1790) 

1791) 

1792) 

1793) 

1794) 

1795) 

1796) 

1797) 

1798) 

E. R. Ad lard, The application of capillary columns in the study of the thermodynamic 
behaviour of ethanol and carbon tetrachloride in dinonyl phthalate, Eur. Symp. GC 4, 
163 (preprints), 1962. 
A. J. Andreatch, R. Feinland, Continuous trace hydrocarbon analysis by flame 
ionization, Anal. Chem. 32, 1021, 1960. 
R. R. Arnd tet al., A flame ionization detector forGC. The effectofa numberofparame
ters on the sensitivity, J. South African Chem. Inst. 12, 69, Oct. 1959. 
L. L. T. Bradley, W. E. Falconer, A simple fla me-ionization detector cell, J . Sc. · 
Jnstr. 40, 606, 1963. 
M. R . Burnell, A new hydrogen flame detector, The Analyzer 1, 3, April 1960. 
J. E. Carroll Jr, The flame ionization detector, Gas Pipe 1963, Nr. 5. 
P.J. Cowan, J. M. Sugihara, A GC demonstration apparatus, J. Chem. Ed. 36, 
246, 1959. 
F. R. Cropper, S. Kaminsky, Determination of toxic organic compounds in ad
mixture in the atmosphere by GC, Anal. Chem. 35, 735, 1963. 
D . H. Desty et al., The potentialities of coated capillary columns for GC in the petroleum 
industry, J. Instr. Petr. 45, 287, 1959. 
D. H. Desty et al., An examination of the flame ionization detector using a diffusion 
dilution apparatus, Eur. Symp. GC 3, 46, 1960. 
R . A. Dewar, The flame ionization detector, a theoretica! approach, J. Chrom. 6, 312, 
l961. 
W. S. Gallaway, M. R. Burnell, Characteristics of the hydrogen flame detector for 
GC, The Analyzer 1, 8, 1960. 
l. Halász, W. Schneider, Quantitative GC analysis of hydrocarbons with capillary 
column and flame ionization detector, Anal. Chem. 33, 979, 1961. 
l. Halász, G. Schreyer, Erfahrungen mit Kapillarkolonnen - Flammenionisations
detektorsystemen der GC, Chemie Ing. Techn. 32, 675, 1960. 
I. Halász, G. Schreyer, Construction and operation ofa capillary column chromato
graphic appartus with flame ionization detector and its application in quantitative ana
lysis, Z. Anal. Chem. 181, 384, 1961. 
J. H arley et al., Flame ionization detector for GC, Nature 181, 177, 1958. 
T . Haruki, M. ltaya, A flame ionization detector for GC and its characteristics, 
J. Chem. Soc. Japan, Indust. Chem. Section (Kogyo Kagaku Zasshi) 64, 820, 1961. 
H. Helzhäuser, M. Kuhl, Microftame ionization detector and quantitative analysis, 
Second Symp. GC, Society for GC of the DDR, Böhlen, 143, 1959. 
F . H. H uyten et al., Trace analyses by means of GSC, Eur. Symp. GC 4, 18 (preprints), 
1962. 
D. Jentzsch, K. Fri<=drich, GC Arbeitsmethoden I, Die Anwendungsmöglichkeiten 
eines Flammenionisationsdetektors, Z. Anal. Chem. 180, 96, 1961. 



-40-

J800) W. Leipnitz, H. G. Konnecke, An improved llame ionization detector without 
healing, J. für praktische Chem. 18, 110, 1962. 

1801) I. G. McWilliam, R. A. Dewar, Flame ionization detector for GC, Eur. Symp. GC 
2, 142, 1958. 

1802) J. Middlehurst, B. Kennett, An A.C. modulated flame ionization detector, Nature 
190, 142, 1961. 

18°3) J. Middlehurst, B. Kennett, Flame ionization detectors, J. Chrom. 10, 294, 1963. 
18°4) D. J. Morgan, Construction and operation ofa simple flame ionization detector for 

GC, J. Sci. Instr. 38, 1961. 
1805) R. A. Morris, R. L. Chapman, Flame ionization hydrocarbon analyzer, Air Pollu

tion Control Association Journal 11, 467, 1961. 
1806) W. J. Murray, A. F . Williams, The determination of propane-1,3-diolin glycerol by 

GC with a flame-ionization detector, Analyst 86, 849, 1961. 
1807) J. Nova k et al., Operating conditions of a high-temperature GC with a ftame-ionization 

detector, Chemické Listy 54, 1173, 1960. 
1808) J. Novák, J. Janak, Etfectivity of ionization in the ftame ionization detector, J. of 

Gaschrom. 1, 7 (April), 1963. 
18°9) H. 0 ster, The flame ionization detector, a device for the sensitive identification of hy

drocarbons, Siemens Z. 37, 481, 1963. 
1 810) J. Spolnicki, W. M. Crooks , A chromatography unit with automatic sampling for 

kinelic studies, J. Appl. Chem. 13, 12, 1963. 
1811) A.E. Thompson, A flame ionization detector for GC, J. Chrom. 2, 148, 1959. 
18 12) J. Novák, J. Janák, The nonlinearity of the signa! response and the inversion etfects 

in the ftame ionization detector, J. Chrom. 4, 249, 1960, 

COMPARISON OF FLAME IONIZATION WITH OTHER DETECTORS 
1820) 

1821) 

1822) 

1823) 

1824) 

1825) 

1826) 

1827) 

1828) 

1829) 

R. E. Condon, Design considerations of a GC system employing high efficiency Golay 
Columns, Anal. Chem. 31, 1717, 1959. 
R. D. Condon et al., Comparative data on two ionisation detectors, Eur. Symp. GC 
3, 30, 1960. 
R . D. Condon , Dual column chromatography utilizing ionization detection, Pitts
burgh Conf. on Anal. Chem. and Appl. Spectr" March 5-9, 1962. 
L. S. Et tre, Recent developments in GC. Meeting of the Toronto-Hamilton GC Dis
cussion Group, Toronto, Nov. 25, 1959. 
L. S. Et tre, Relative molar response of hydrocarbons on the ionization detectors, Am. 
Symp. GC 3, 307, 1961. 
O. L. Hollis, W. V. Hayes, GLC-analysis of chlorinated hydrocarbons with capil
lary columns and ionization detectors, Anal. Chem. 34, 1223, 1962. 
C. B. M cKinney et al., The design and application of two high sensitivity GC detectors, 
ISA Symp. on Instrumental Methods of Analysis Montreal, June 1-3, 1960. 
H. M. M c Na i r et al., Evaluation of the ftame-ionization detector and the micro argon 
beta-ray detector, Div. Petrol. Chem" Am. Chem. Soc" St. Louis, March 21-25, 1961. 
H.M. McNair, Ionization detectors, Eastern Analytica! Symposium and Instrument 
Exhibit, New York City, November 15-16-17, 1961. 
H.S. Se ga 1, M.L. Su therla nd, Comparison of flame ionization and electron capture. 
detectors for the GC evaluation o'f herbicide residues, Meet A .C.S. 144, 4 A, 1963. 

SPECTROMETRlC INVESTIGATION OF F LAMES 
1840) C. Th. J . Alkemade, Excitation and related phenomena in flames, Coll. Sp. Int. 

10, 143, 1962. 
1841) P. W. J. M. Boumans , Enkele fundamentele aspecten van de spectrochemische analyse 

met de gelijkstroomboog, Thesis, Amsterdam 1961. 
1842) B. E. Buell, Limited area flame spectrometry, Anal. Chem. 35, 372, 1963. 
1843) E . M. Bulewicz, P. J. Padley, Suggested origin of the anomalous line-reversal tem

peratures in the reaction zone of hydrocarbon flames, Comb. Flame 5, 331, 1961. 
1844) E. M. Bulewicz, T. M. Sugden, Spectrometric measurements of the concentrations 

of free radicals in hydrogen flames, Coli. Sp. Int. 6, 20, 1956. 
1845) E. T. Ch ild, K. W oh 1, Spectrophotometric studies of laminar llames, I: the decay of 

radical radiation, Il, the flame front, Symp. Comb. 7, 215, 221, 1958. 
1846) J. Franc, Chromatography of organ.ic compounds, VI : Photodetector for use in GC, 

Coli. Dzech. Chem. Commun. 25, 2225, 1960. 
1847) D. Garvin, H. P. Broida, Atomie flame reactions involving N atoms, H atoms and 

ozone, Symp. Comb. 9, 678, 1962. 



-41-

1848) A.G. G aydon, Spectra of flames, Advances in spectroscopy II, Interscience, New York 
1961. 

1849) P. T. Gilbert Jr, Chemiluminescent flame spectrophotometry, Coli. Sp. Int. 10, 171, 
1962. 

1850) D. W. Grant, An emissivity detector for GC, Eur. Symp. GC 2, 153, 1958. 
1851) F. A. Gun th er et al., Beilstein flame method of detection of organo halo gen compounds 

emerging from a GC, Anal. Chem. 34, 302, 1962. 
1852) R. S. Juvet, R. P. Durbin, Flame photometric detection of metal chelates separated 

by GC, J. Gas Chrom, 1, 14, 1963. 
1853) T. Kinbara, H. Ikegami, On the positive and negative ions in diffusion flames, Comb. 

and Flame 1, 199, 1957. 
1854) R. M. Moyerman, K. E. Shuler, The concentrations of contaminant alkali salts in 

ground level air, Science 118, 612, 1953. 
1855) P.J. Pa dley et al., Effect of halogens on the ionization in alkaliladen hydrogen and ace

tylene flames, Tr. Far. Soc. 57, 1552, 1961. 
1856) P.J. Pad ley, T . M. Su gden, Chemiluminescence and radical re-combination in hydro

gen flames, Symp. Comb. 7, 235, 1958. 
1857) P.J. Padley, T. M. Sugden, Some observations on the production and recombina

tion of ions and electrons from metallic additives in hydrogen and hydrocarbon flames, 
Symp. Comb. 8, 164, 1960. 

1858) R. L. Roes, Het eigen spectrum en de samenstelling van het booggas van de koolboog 
in stikstof en lucht, Thesis, Utrecht 1963. 

1859) N. R. Tawde, B. B. Land, Spectroscopie study ofsome alcohol flames: flame tempera
tures and their influence on the inteosity changes in various bands, Symp. Comb. 6, 143, 
1956. 

186°) W. M. Vaidy a, Spectrum of the flame of ethylene, Proc. Roy. Soc. 147, 513, 1934. 
1861) A. Weir et al., Emission spectra of propane-air flames irradiated with a 1000-Curie gold 

source, lnd. Eng. Chem. 49, 1423, 1957. 

FLAME TEMPERATURE, ITS MEASUREMENT AND APPLICATION IN GC 
1870) C. B. Baddiel, C. F. Cullis, The use of a carbon monoxide flame detector in GC, 

Chem. & lnd. 1960, 1154 (10/9). 
1871) S. Behrend t, Limit of flammability detector for GC, Z. phys. Chem. 21, 240, 1959. 
1872) H. M. Brewster, A detector for combustible hydrócarbons in air, Symp. Comb. 6, 

774, 1956. 
1873) H. Brode!, On a microflame apparatus for high temperature GC, First Symposium on 

GC, Society for GC of the DDR, Leipzig, Oct. 9-11, 215, 1958. 
1874) C. F. Cullis et al., Estimation of combustion products by GC, Chem. & Ind.1961, 

1158 (29/7). 
1875) J. l. Henderson, J. H. Knox, The micro-flame detector in GLC, Correlation of res

ponse with heats of combustion, J. Chem. Soc. 2299, 1956. 
1876) G. R. Prima vesi et al., A study of the hydrogen flame detector using nitrogen as carrier 

gas, Eur. Symp. GC2, 165, 1958. 
1878) J. Romovácek, Z. N ovotny, Die Bewerkung von Rohbenzol mittels GC, Brennstoff

Chemie 42, 161, 1961. 
l879) R. P. W. Scott, A new detector for vapour-phase partition chromatography, Nature 

176, 793, 1955. 
1880) R. P. W. Sco t t, A new detector for vapour-phase partition chromatography, Eur. 

Symp. GC 1, 131, 1956. 
1881) W. Soelleman, C. Th. J. Alkemade, De vlam als medium van hoge temperaturen, 

Ned. T. Nat. 29, 437, 1963. 
1882) M. M. Wirth, The hydrogen roicroflame detector using nitrogen as a carrier gas, Eur. 

Symp. GC 1, 154, 1956. 

MISCELLANEO US 

1890) J. W. Amy, K. P. Dimick, Multichanoel GC, Pittsburg Conf. on Anal. Chem. 
Appl. Spectr. March 4-8, 1963. 

1891) C. Br u n n ée et al., Kontinuierliche roassenspektrometrische Analyse von GC getrennten 
Fraktionen, Z.f. Anal. Chem. 189, 50, 1962. 

1892) E. Cremer et al., Anwendung eines hochempfindlichen Halogen-Detektors in der GC, 
Chemie Ing. Technik33, 632, 1961. 



-42-

1893) L. V. Guild et al., Performance data on a new ionization-detector, Am. Symp. GC2, 
91, 1959. 

1894) L. V. Guild, M. 1. Lloyd, Recent developments in the emission ionization detectors, 
Pittsburgh Conf. on Anal. Chem. & Appl. Spectr. Febr. 29 - Mar. 4, 1960. 

1895) D. W. H ill, The application of GC to anaesthetic research, Eur. Symp. GC 3, 344, 1S"60. 
1896) W. B. In nes et al., Hydrocarbon gas analysis using differential chemica! absorption and 

fiame ionization detectors, Anal. Chem. 35, 1198, 1963. 
1897) S. de J aegere et al., Identity of the most abundant ions in some ftames, Symp. Comb. 

8, 155, 1960. 
1898) W. P. Jesse, J. Sa da uskis, Ionization in pure gases and the average energy to make an 

ion pair fora- and /l-particles, Phys. Rev. 97, 1668, 1955. 
1899) W. P. Jesse, J. S ad a uskis, Ionization by a-particles in mixtures of gases, Phys. Rev. 

100, 1755, 1955. 
1900) G. W. C. Kaye, T.H. Laby, Tables ofphysical and chemica! constants, Longmans, 

Green and Co, 11 th ed. Loodon 1955. 
1901) P. F. Knewstubb, T. M. Sugden, Mass spectrometry of the ions present in hydro

carbon ftames, Symp. Comb. 7, 247, 1958. 
190 2) P. F. Knews tu b b, T. M. S ugden, Mass-spectrometric studies of ionization in ftames, 

Proc. Roy Soc. London A 255, 520, 1960. 
1903) J. E. Lovelock, An ionization detector for permanent gases, Nature 187, 49, 1960. 
1904) J. E. Lovelock, A photoionization detector for gases and vapors, Nature 188, 401, 

1960. 
1905) H.S. W. M assey, Recombination of gaseous ions, Adv. Phys. 1, 395, 1952. 
1906) K. Porter, D. H. Volman, Flame ionization detection of carbon monoxide for GC 

analysis, Anal. Chem. 34, 748, 1962. 
1907) S. A. Ryce, W. A. Bryce, An ionization gauge detector for GC, Can. J. Chem. 35, 

1293, 1957. 
1908) S. A. Ryce, W. A. Bryce, Ionization gauge detector for GC, Nature 179, 541, 1957. 
1909) G. R. Shoemake et al., The effect of temperature and carrier gas on the loss rate of 

tritium form radioactive foils, J. Chrom. 12, 313, 1963. 
1910) V. N. Smith, E. J. Merritt, Negative ion-gas analysis technique, Anal. Chem. 34, 

1476, 1962. 
1911) B. Steiner et al., Photoionization of alkanes. Dissociation of excited molecular ions, 

J. Chem. Phys. 34, 189, 1961. 
1912) J. C. Sternberg et al., A GC detector selective for halogen and sulfur compounds, 

Pittsburgh Conf. on Anal. Chem. and Appl. Spectr. March 5-9, 1962. 
1913) M. Stuiver, Biophysics of the sen se of smell, Thesis, Groningen 1958. 
1914) M. P. Taylor, Possible radiation hazards arising from the use of radioactive detectors 

in GC, J. Chrom. 9, 28, 1962. 
1915) J. M. Valen ti ne, Energy per ion pair for electronsingases and gas mixtures, Proc. Royal 

Soc. London A 211, 75, 1952. 
1916) P. F. Vá radi, Quantitative and qualitative ionization detector for GC, Am. Symp. GC 

3, 195, 1961. 
1917) P. F. Váradi, K. Ettre, Operation of the quantitative and qualitative ionizatioo de

tector and its application for GC studies, Anal. Chem. 34, 1417, 1962. 



- 43 -

2. CONCEPTS AND V ARIABLES 

2.1. Survey 

Certain concepts which occur in connection with detectors for gas chromato
graphy show a strong resemblance to concepts from long established branches 
of chemistry 225). Examples of these are: sensitivity, linearity, smallest amount 
which can be detected, accuracy, reproducibility, fluctuations in the background 
and the like. Surveys of the significance of various concepts in the comparison 
of detectors have been given by Dijkstra 1105), Schoedler 1119), Schomburg 1120), 
McWilliam 237) and Marks et al. 227). 

2.2. Zero signa) (/o,Uo) 

This is the signa! produced by the detector when nothing has been deliberately 
added to the carrier gas. With ionization detectors one may speak of zero charge 
or, as is often done, of zero charge per unit time (zero current). If this is too 
small to be measured then an amplifier with, if possible, a known amplification 
factor is required (see chapter 6). Results must then be quoted in terms of charge 
(current), and not in terms of voltage. 

There are various reasons for the zero current. Many of them, together with 
their inftuence on the noise, have been summarized by Ongkiehong 1705). The 
zero current of the ftame ionization detector can be caused by: 

(1) Ionization of radicals, molecular fragments, etc., occurring in the 
H2/02/N2 flame 1704). Oxygen and NO give the main contributions here. 
According to Calcote and King 1711), 1 ·7.107 electrons per ml can be formed 
from NO in a stoichiometrie propane/air flame, whose N2/02 content is more 
or less comparable with that of the diffuse H2/0 2/N2 flame. If about 1 ml of 
Nz is added per second, then 1·7.107 electrons are produced by the formation 
of NO (dissociation energy 6 eV) followed by ionization (Vip "" 9 eV). This 
gives a current of 1·7.107x l·6.10- 19 A = 2·7.10- 12 A. As may be seen from 
table 1-VI, this is of the right order of magnitude. This explains why the addition 
of nitrogen to the hydrogen increases the zero current (see chapter 3). It is 
probable that the addition of extra hydrogen 1705), gives rise to more 0, hence 
more NO, and hence a higher value of io. Experiments carried out by the author 
indicate that NzO (1 ml/s) increases the zero current by the above-mentioned 
order of magnitude. 

(2) Ionization of alkali metals present as impurities 1740, 1854). Widely used 



TABEL 2-1 

CALCULATED AND EXPERIMENTAL VALUES OF THE NOISE AND ZERO CURRENT OF DETECTORS WITH A RADIOACTIVE SOURCE 

A zero current greater than that given here may be caused by electron multiplication, white a smaller one may be due to the fact that the detector 
is smaller than is assumed here (1 to 2 cm3). A higher zero current gives more noise and vice versa. A time constant of 0·5 s has been assumed. For 
the significance of "4u noise' ', see section 2.7. 

io(l0-8A) io(I0-8A) noise (4u) noise assumptions made type of source theor. 
oo-12A) oo-12A) 

in calculation detector ref. exp. 
theor. exp. 

50 me H-3 1·2 3·0 2-8 l ·O (6000/30 ion pairs argon 1431 
100 me H-3 0·8 6·0 3-9 5·0 per beta) electron affinity 217 
100 me H-3 l·O 6·0 3·9 50 

" 
argon 1509 

100 me H-3 1·2 6·0 3·9 5 
" 

argon 217 
200 me H-3 0·8 0·12 5·6 1·0 

" 
electron affinity 1624 

500 me H-3 7·0 30 8·8 10 
" argon 1821 

10 me Kr-85 0·5 0·36 0·011 0·2 120 ion p/beta argon 1821 

10 me Sr-90 1·0 0·3 0·8 5·0 100 ion p/beta argon 1426 
10 me Sr-90 0·4 0·3 0·8 l·O 

" 
argon 1446 

10 me Sr-90 l ·O 0·3 0·8 50 
" 

argon 1501 
10 me Sr-90 I·O 0·3 0·8 0·4 

" 
argon 1827 

20 me Sr-90 O·l 0·6 l·O I·O 
" 

absorption 217 

50 µe Ra-226 2·0 2·2 100 ? 150.103 ion p/alpha argon 1423 



-45-

methods of purifying the gases used for the flame (molecular sieve) do not 
remove the alkali metals. Air near the sea can contain 0· 1 mg NaCl/100 litre 
or more. This means at least 1013 Na atoms per ml, which would give a current 
of about 10-10 A with an ionization yield of as little as 0·01 % and an air 
consumption of 1 ml/s. Fortunately, the effect is found not to be as bad as this 
in practice. 

(3) Ionization of organic impurities in the combustion and diluting gases, 
These can be from various sources: 

(a) Impurities in the gases themselves. Green and Sugden 1726) carne to the 
conclusion that the zero current can be explained by assuming that the gases 
used contain 75 p. p.m. of C2H2. The zero current of argon detectors is not in 
agreement with this assumption (table 2-1 and section 2.3). lt seems unlikely 
that argon should contain so much less organic impurities than nitrogen after 
a comparable purification. Moreover, experiments by the author have shown 
that the zero current with "normal" nitrogen differs little from that with extra
pure nitrogen. 

(b) lmpurities from the walls of the gas pipes. Since nearly all ionization 
detectors react to extremely small quantities of material, this trouble is often 
very hard to eliminate. Diffusion through the walls of the tubes and slow 
desorption (fig. 4.3) play an important role. Here too, the difference between 
normal and extra-pure nitrogen is slight. 

(c) Organic material which the carrier gas removes from the column in which 
the gas-chromatography separation is carried out 207, 1103, 213, 236). This 
material is bound to be present in the column in gas-liquid chromatography, 
as it is necessary for the separation of the various components. At the temper
atures found in the column, this absorbed material will have a certain, albeit 
low, vapour pressure. When no carrier gas passes, the zero current of a flame 
ionization detector is about 10-12 A. With the sensitivity of about 1 µA/mg/s 
quoted in table 1-VI, such a current could be caused by lQ-6 mg/s of material. 
With a flow rate of 1 ml/s for the carrier gas, this corresponds to a vapour 
pressure of about 10-4 mm Hg. 

2.3. Noise ( Ur max) 

If the rate of supply of the components mentioned in the previous section 
(zero current) varies, this will express itself as noise; such noise is known as 
flow noise. 

lt is not easy to stabilize gas flow rates to within less than 0· 1 % ; in the most 
gas-chromatography set-ups, the variations in the gas flow rate probably amount 
to a few tenths of 1 per cent. The zero current (without column) is about 
10-12 A, so the flow noise from this source will be from 10-15 to 3. lQ-15 A. 
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In practice, a very important contribution to the flow noise is made by 
irregularities in the evaporation of the organic material present in the column 
(section 2.2.c). This Iimitation is inevitable with a detector which can detect 
very small amounts of material, and can only be avoided if the detector does 
not react to the organic material from the column. The author's own experience 
has shown that this noise is generally about l % of the "column signa!". This 
proves that the main contribution to the flow noise is not variations in flow rate, 
but variations in the rate at which material evaporates or is carried off from the 
column. The zero current caused by the column (which also gives an indication 
of the quality of the column) should therefore be as low as possible. lts deter
mination is discussed in chapter 6. 

In temperature programming the increase in the column temperature during 
the separation will cause an increase in the noise and in the zero current. A 
double detector is then often used to prevent the increase in the zero current, 
which is difficult to compensate for electronically in this case, see refs 236, 1822, 
1705, 1400, 1401, 1300, 1736, 1801, 218 and 1308. Through one detector flows 
carrier gas which is passed through an extra column, while through the other 
detector flows gas from the column which from time to time contains the 
components to be detected. The signa! from the first detector is subtracted from 
that from the second detector. If the temperatures of both columns increase 
together, the signa! from both will increase and the difference between them 
will remain zero, within certain Iimits 240). The noise, on the other hand, will 
in genera! increase. Ifthe noise in each detector can be described by a Gaussian 
distribution (see also Brunnée 1891)), the standard deviation of the difference 
signa! will be Va12+a22 ~ azi/2, i.e. the noise will be ' t ·4 times as much as 
with a single detector. If the noise is caused by external factors (pressure, 
temperature), a double detector can be an advantage. Two detectors working 
with radioactive sources are therefore quite a good proposal. Two flame ioniza
tion detectors, which are not very pressure- and temperature-dependent, are 
however in genera! not much use (apart from temperature programming). 

With argon detectors there is another trouble. Because of the Iimited Iinearity, 
a high zero current (which is not noticed as such because of the subtraction) 
will only allow a small amount of substance to be measured in the Iinear 
range 1103). Ifthe gas flow rate varies, this can moreover influence the sensitivity. 
The noise of a well-designed detector working with a radioactive source is 
found to be completely explicable on the basis of the statistics of radioactive 
decay, according to which 1208) the standard deviation obtained during the 
measurement of N beta particles (N > 20) wil! be VN absolute or j/I/N relative. 

It has been calculated in section l ·6 that a 20-mC Sr-90 source has a zero 
current of 0·6.10-8 A (3·7.1010 electrons/s), caused by 3·7.108 beta particles 
per second. The standard deviation of the number of electrons is 1206) 
Vl /3·7.108) + (l/ 3·7.1010) x 100% ~ Vî/3-7.108 x 100 % = 5·2.I0- 3%. 
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This corresponds to 3· 12.10-13 A. The fluctuations of the current will in 99·73 % 
of the cases fall within ± 3a. If we take the difference bet ween the extreme values 
of the current as a measure of the noise, we find a value of l ·9.10-12 A. A cal
culation on these lines has been carried out for various cases given in the 
literature, and the values thus obtained compared with the quoted experimental 
values in table 2-I. The agreement between theory and experiment is good. A 
higher noise than that given by this theory probably indicates another source of 
noise. It is often forgotten that when the detector is small, fewer electrons are 
created per beta particle. The standard deviation for the secondary electrons 
(I/3·7.1010 in the above example) is then no Jonger negligible compared to that 
for the beta particles (l/3·7.108 above). The zero current must thus be chosen 
high in order to minimize noise, and not because too much amplification will 
be needed otherwise 1117). The noise may further be increased by the emission 
of thermal electrons from the material used for the burner and the collecting 
electrode. With a good design, this will contribute little to the zero current, but 
its influence on the noise will not be completely negligible. It is not known how 
far the flame itself contributes to the noise. It is conceivable that the zero current 
is caused by a limited number of chain reactions, the precise number being 
subject to statistica! variation. Here too, then, Gaussian noise will be produced. 

It goes without saying that the noise of the electronic equipment must be less 
than the noise which it measures (see chapter 6). 

2.4. Instability and drift 

For various reasons, the signa! may be subject to fluctuations over a period 
which is large compared to the time taken for a single measurement. If these 
fluctuations cause a shift of the zero signa! in a certain direction, one speaks 
of drift. Drift is thus the mean change in the signa! per unit time. If there is no 
definite tendency in the change, one may speak of instability. 

2.5. Time constant (RC) 

The time constant of the detector may have two causes. Schmauch 232) has 
calculated the effect of both the "diffuse" and the "flow" time constants. The 
first is applicable when the substance to be determined flows past the "active 
part" of the detector, and must reach and leave the Jatter by diffusion. The 
second time constant is applicable when the substance to be detected flows 
through the active part of the detector. We shall not consider the first case here, 
as it is infrequently met with in ionization detectors. It is found in some argon 
detectors, it is true, but this is merely another point against them. 

The "active part" of the flame is the reaction zone, and the time constant in 
this case is the reaction time, which is about 1 ms (see section 1.10.1). The time 
constant of the amplifier + recorder is aften greater than this. That of the 
recorder can be got round by using a cathode-ray tube for this pur pose 210,226,233). 
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Calculations of this case have been carried out by Giddings 214), De Ford et 
al. 205) and Purnell and Quinn 231). 

The time constant of an amplifier is due to capacitors which are charged and 
discharged via a resistance. The time constant which determines the behaviour 
of the amplifiers normally used with ionization detectors is due to the input 
resistor and the input capacitance (see chapter 6). The Jatter is normally at least 
10 pF. The capacitance of the cable which carries the signa! must also be taken 
into consideration. This is often 60 pF/metre. lf the cable is 1 ·5 m long, the 
input capacitance + cable capacitance is thus Ci = 100 pF (although this can 
be reduced by means of negative feedback). If the input resistor in the amplifier 
has the value R = 109 ohm, then the product of these two, the RC time, is 
equal to 100 x 10-12x 109 sec = 0· 1 sec. For many amplifiers, even where the 
input resistor is only one of 108 ohm, the RC time in fact amounts to several 
tenths of a second or even as much as one second. The value of the input resistor 
should thus be chosen as low as possible. 

In the calculations of section 2.3 the number of beta particles per second was 
considered, to arrive at the zero current. As mentioned above, the zero charge 
is a more convenient concept. In order to calculate this, one must consider not 
the number of beta particles in 1 second, but the number in say t seconds. 
The zero charge is then 0·6.10-8 t coulomb instead of 0·6.10-8 A, and the noise 
in the zero charge is l ·9.10- 12 VIft coulomb instead of 1 ·9.10- 12 A. 

The normal measurements appear to be current measurements, but in fact 
the above-mentioned RC time causes the charge to be integrated. The integra
tion time is greater than the RC time, because the capacitance partially remem
bers a pr~vious value for a certain time. lt appears 230, 235), that the time t 

without "memory" needed to give the same behaviour would be about 2 RC, 
in which case the above-mentioned noise would become 1 ·9.10-12 V1/2RC 
coulomb. The quantity which is actually measured is the voltage variation 
across the capacitor, which is (1·9.10-12 Vl/2RC)/Cvolt. 

A small time constant means that rapid variations in the amount of material 
can be detected - but so can rapid variations in the zero signa]! In other words, 
the zero signa! is averaged over a short time. A large time constant averages over 
a long time and thus gives less fluctuations in the zero charge; but then rapid 
fluctuations in the amount of material, which should give sharp, narrow peaks 
in the chromatogram, cannot be followed. 

Schmauch 232) has calculated the influence of the RC time on the peak form. 
If the standard deviation of the peak to be measured (0·423 times the width 
half way up) is ap, then for RCjap ~ 0·1 the displacement of the maximum 
is less than 0· 1 a and the decrease in height is about 1 %. 

The peak width is not constant, but varies with the retention time tr (the 
time from the beginning of the chromatogram at which the peak appears), 
according to the relation 
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ap = tr!VN, 

from which it follows that the distortion of the peak wil! be kept within the 
above-mentioned limits when 

RC< O· l tr/(N. (2. l) 

Here N is the number of theoretica! plates, which is reasonably constant for 
a given column. For a correction to the expression for ap, see Blaustein and 
Feldman 201). Representative values are tr = 80 - 1200 s and N = 1600, 
whence eq. (2.1) becomes RC ~ 0·2 to RC < 3. If the time constant is larger 
than this, the peak will be distorted, while if it is smaller the fluctuations in 
the zero charge will be greater than is strictly necessary. This has an effect on 
the detection limit (see section 7 below). 

u !Al 

t 

n.,,..4 -g/s n, 0 1H1. n, n, 

~ - ~ 
error of constant error of constant arbitrary 
abs. value percentage value error 

Fig. 2.1. lllustra tion of the concepts: dilferential sensitivity (Sdm), integral sensitivity (u1/ni 
and u2/m), sources of error (3 different types), noise (varies from Uo to Urmax). zero signa! 
( Uo) and detection limit (nm1n). The last quantity is the amount of material which in the 
most unfavourable case gives a signa) equal to the maximum signa) caused by noise. For 
the calculation of this line and the errors, see Koster 239). 

The arrow indicates the upper end of the linear range. The dynamic range is defined as 
nmax/nmin. Unless otherwise indicated, S will be taken to signify the integral sensitivity from 
DOW on. 
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2.6. Sensitivity (S) 

The relation between the signa! and the amount of material causing this signa! 
is given by the sensitivity. 

The integral sensitivity S is the signa! (in the appropriate units) caused by 
n units of the material in question, divided by n. The dif.ferential sensitivity is 
the change in the signa! caused by a change of 1 unit in the amount of the 
material in question. 

These definitions are illustrated in fig. 2.1. On the linear part of the curve, 
the integral and differential sensitivities are equal, which is necessary if the 
signa! obtained is allowed a simple interpretation. 

The concept of sensitivity is often confused with that of detection limit (see 
next section). The ratios of the sensitivities for a series of substances to that of 
a standard substance are known as the calibration factors 223). 

A very common unit of sensitivity for ionization detectors is 

microcoulomb/mg = microampere/(mg/s). (2.2) 

A convenient way of calculating this is to divide the area Op of a peak by the 
number of mg of material which caused it. To a first approximation, the area 
of the peak may be taken as Op = ~hpas where hp is the peak height and as 
its base width. See also Dimbat et al. 206). 

The ionization yield can be calculated from the sensitivity, by dividing the 
experimental value of the Jatter by the value calculated on the assumption that 
the ionization reaction in question has a yield of 100 % (e.g. that each molecule 
or each C atom is ionized). This quantity is often called the apparent ionization 
yield. 

For the ftame ionization detector, this calculation takes the following form: 
if each C atom gives a CH fragment (apart from a correction for CO groups), 
which in its turn gives an electron and a positive ion, then a milligramme of 
propane gas (about 6.1023/44000 molecules) will give 4· l.1019 CH fragments, 
i.e. a signa! of 4· l.1019 electrons (or 6·55 C) per mg of C3Hs. A representative 
value for the signa! is however 6·55 µC/mg C3Hs, i.e. the ionization yield is 
1 : 106. 

Jt should be realized that the above calculation rests on the (of ten q uite 
questionable) assumption that the ionization does proceed according to the 
equation chosen. This assumption is usually not explicitly mentioned. 

2.7. Detection limit (LI, flmin) 

The sensitivity and the noise can be combined in a single quantity, the detec
tion limit. This quantity (see fig. 2.1) is an indication of the noise/signal ratio 
and is defined as 
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LI = xUrmax/S, (2.3) 

the units being microampere/(microampere/mg/s) = mg/s. 
This definition (with x = 1, 2 or 3) is given by e.g. Dijkstra ll05), Schom

burg 1120), Ongkiehong 1?05), Dal Nogare and Juvet 1103), Lewin et al. 225) and 

used by Jentzsch et al. 218), Fujishima and Takeuchi 212) and Condon et 
al. 204) . Y oung 238) gives a method for the determination of this quantity, as 
do Johnson and Stross 220). The latter is however impractical. 

The detection limit is thus the amount of material per unit time which gives 
a signa! equal to x times the noise (xUr max = Ll.S). If the sensitivity is not 
constant, then the value taken for it should be determined for a region as near 
as possible to the detection limit. The best value of x follows from the following 
argument, which holds for Gaussian noise. The various quantities are expressed 
in the units defined previously. 

If the zero signa! is Uo with a standard deviation of ao and the total signa! 
( Uo + the signa! corresponding to the smallest amount of substance which 
can be detected, nm;n) is Utot, then the net signa! corresponding to nm;n is 

Unet = Utot - Uo, 

with 

Normally, atot = ao, 

so anet = ao]/2. (2.4) 

The extremes of the "noise peaks" wil! be 6ao apart (section 2.3), i.e.: 

Urmax = 6ao and anet = Urmax j/2/6. 

A net signa! of three times this standard deviation (3anet = Ur m ax if2/2) 
wil! thus have an error greater than the signa! in 0·27 % of the cases. In 0· 135 % 
of the cases, therefore, the error will be greater than - 100%, so that the signa! 
will not be observed at all. A good value for x is thus l/V2 if the noise R is 
defined as above ( "6a noise"). If the noise is defined in a more practical way 
by disregarding the top 31 ·7% of the peaks ("2a noise"), then x = 3/V2 ~ 2. 

In the calculations of table 2-I, the noise was defined at an intermediate value 
("4a noise"). There is then naturally no question of an accurate determination 
of the sample. If the standard deviation is independent of the concentration, 
it will be 0·25 % with a signa! of 400 Ur max V2/6 ("6a noise"). In the numerical 
example of section 2.3, this corresponds toa signa! of 400 x l ·9. I0-12 V2/6 A = 
0·9.10-10 A, which is still in the linear range (one reason why a detector should 
be linear over a wide range). 

Experiments carried out by the author have shown that the noise from a flame 
ionization detector is to a good approximation Gaussian, so that the above 
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theory can also be applied toa f!ame ionization detector, toa first approximation. 
The inf!uence of the retention time tr on the detection limit can be derived 

starting from the argument of section 2.5 (eqs (2.1) and (2.3)). If x is taken 
to be 2, then 

RC = ptr/VN a 

Ll* 2U*rmax/S = (2U1rmax/S) V1f2RC b 

so Ll 1 2U1rmax/S = Ll*.2RC c 
(2.5) 

and Ll1/Ll* V2Ptr/VN = pttr+ N - t 2t d 

where: p a constant, which must be less than O· I if peak distor
tion is to be avoided, cf. eq. (2.1), 

N 

Ll* and Ll 1 

s 

number of theoretica! plates, 

noise in A with the RC time given by eq. (2.5a), 

noise in A for 2 RC = 1 s, 

detection limits for these variables and fixed RCtimes, 

sensitivity in C/mg. 

Equation (2.5d) gives the unnecessary increase of the detection limit ij the time 
constant of the amplifier does not increase with (retention) time. This increase 
in the detection limit can be prevented by using an RC time which increases 
linearly with the retention time; this does not have an ad verse effect on the 
peak form. For p = 0· 1 and N = 1600, this increase is equal to ( V2/20)trt 
with a constant RC time of 0·5 s. For tr < 200 s the constant RC time actually 
appears to be better, but as may be seen from eq. (2.5a) this is achieved because 
p becomes greater than O· l, which thus leads to peak distortion. 

When calculating the minimum detectable sample amount, one must re
member that the peaks become broader (are "smeared out") with increasing 
retention time, which increases the minimum detectable amount. In this case 

0 = 2h tr/(N, a 

whence minh = m!nO*.tr- 1 Ni 2- 1. b 

Also 2U*rmax = m1nh* = Ll*S (see (2.5 b)). c 

It follows from (2.5a) and (2.5b) that 
(2.6) 

minh* = 2 U1rmax 2- ! p- t tr- t Nt, d 

i.e. minO = p-+ trt N - i 2t · 2 U1rmax, e 



where 0 

h 
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area of Gaussian peak in coulomb. Tuis peak can be represented 
to a first approximation as a triangle. The base width, determined 
by the intercepts of the tangents at the points of inflection, is 
equal to 4trf VN according to gas-chromatography theory; 

height of peak in A; 

min indication of minimum detectable quantity. 

The minimum observable sample amount, represented by the minimum observ
able area minO, is thus improved (reduced) by 

(a) bigger p (but too big p gives peak distortion), 
(b) shorter retention time (peaks are then sharper), 
(c) more theoretica! plates in column = increased resolution (sharper peaks), 
(d) less noise, 
(e) variable RC time. 

If the peak can stand being highly distorted, which is usually the case at low 
concentrations, p can be made 0·9; this improves things by a factor of 3. It 
should however not be forgotten that both with a constant and with a variable 
RC time the minimum observable amount increases with increasing retention 
time; see also Dal Nogare and Juvet 1103), Purnell 1117), Ohlineand De Ford 229). 

The term "detection limit" is often confused with the sensitivity. A method 
is for example often called sensitive when what is meant is that very small 
amounts of substance can be detected, i.e: that the detection limit is low. The 
possibilities of confusion also appear from the relation minh = L1.S (eq. 2.6c). 
These are however quite different quantities. 

In many well-known textbooks the distinction between these two concepts 
is not at all clearly drawn, and in some cases this even leads to contradictions. 

For example, Feigl 209) states: 
"The limits of identification and the dilution limits are not characteristic 
constants of the underlying reactions even though they are often employed as 
numerical expressions of the sensitivity". Throughout the rest of this book 209), 

Feigl makes no distinction between sensitivity on the one hand and limit of 
identification and limit of dilution on the other. 

Charlot 203) gives the following definition: 
"Sensitivity is the rate of increase of the reading with the amount of substance 
to be determined; the limit of sensitivity is the concentration below which the 
absolute error of the measurement equals or exceeds the quantity to be deter
mined". The limit of sensitivity is given in the index, but in the book the author 
always talks about sensitivity (expressed in microgrammes, normalities, etc.) 
when according to the above definition limit of sensitivity should be used. 

In Handbuch der analytischen Chemie 211) mention is made of "Erfassungs
grenze" (limit of observation) and "Grenzkonzentration" (Iimiting concentra-
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tion) in the descriptions of the quantitative methods, but these concepts are not 
defined more closely. Littlewood 1114) also mixes up the two concepts, witness 
the remark "sensitivity is expressible as the minimum detectable concentration". 

The significance of these concepts in spectrochemical analysis has been dealt 
with by De Laffolie 224) and Kaiser 221 • 222), who take x = 3. They speak of 
"Nachweisempfindlichkeit" (detection limit). 

These concepts were probably first applied to the balance, where it is impor
tant to know the sensitivity (number of scale divisions per mg) and the smallest 
detectable difference in weight (mg). 

Ayres 200) makes the following careful distinction in a footnote : 
"Some writers define: sensitivity = smallest weight difference that can be 
detected. Sensibility = divisions per mg". He does not thus define sensitivity 
as has been done above. 

2.8. Linearity, dynamic range, overloading 

A detector is said to be linear in the range where (see section 2.6 and fig. 2.1) 
the integral sensivitity is equal to the differential. The situation is normally as 
sketched in fig. 2.1 (i.e. the sensitivities decrease after a certain concentration). 
The point where the extrapolated line parts from the actual calibration curve 
marks the end of the linear range ; the detector is then said to be overloaded. 
The ratio of the maximum and minimum amounts which can be detected in 
the linear range is called the dynamic range. 

The departure of the calibration curve from linearity will not cause trouble 
until the error thus caused is greater than that which is expected or acceptable 
in the measurement. Lovelock 1115) introduces here the arbitrary but practical 
limit of 3 %. 

Theoretically, it is better to determine the calibration curve and to find the 
sources of error first. One can then determine in each particular case when this 
line leaves the appropriate tolerance limits. See e.g. Koster 239) fora calculation 
of this kind with respect to spectrophotometric determinations, and Schom
burg 1120) for applications of this same calculation to gas chromatography. 

One method of determining the calibration curve with negligible error is 
discussed in chapter 4. Once the line has been determined in this way, each 
worker can draw in his own limits of accuracy and thus find up to what con
centration the detector can be considered linear for his purposes. 

The dynamic range is an important quantity in practice. A large dynamic 
range means that less care has to be taken with the size of the sample, and 
allows trace impurities to be determined accurately. The flame ionization 
detector is especially good on this point when the gas flow rates are properly 
adjusted (chapters 3 and 4). 
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2.9. Gas velocities 

As mentioned in chapter l, the gas velocities often exert a great influence on 
the characteristics of the flame ionization detector; see chapter 3 for further 
details. For the influence of the gas velocities on the electron-affinity detector, 
see Washbrooke 1633). The characteristics of argon detectors and absorption 
detectors are considered by most authors to be independent of the gas velocity. 

The gas velocities, which are usually of the order of l ml/s, are measured with 
the soap-bubble flow meter 1113) (for a horizontal version, see Smith and 
Campbell 234)). For very accurate measurements, a correction should be made 
for the vapour pressure of the water. Godin 215) mentions a liquid which can 
be used instead of the soap solution. This has the advantage of a lower vapour 
pressure, and can also be used for vapours which are soluble in water. 

A venturimeter is used for continuous measurements of the gas velocity. 
This measures the pressure drop over a suitably chosen capillary, and is calibrat
ed with the aid of a soap-bubble meter. Unless otherwise mentioned, the term 
gas velocity will be used here to denote the volume flow rate. If the linear 
velocity (cm/s) is meant, this wil1 be specifically mentioned. 

2.10. Various quantities 

Electrical parameters such as insulation resistance, electrode polarity, inter
electrode distance and the like will be discussed in chapter 6. 

The specificity of a detector is its power of giving a considerably larger signa! 
fora particular series of substances than for others. For example, it has already 
been mentioned that the electron-affinity detector is specific forelectronegative 
compounds. 

2.11. Variables which should be quoted 

In order to make the results obtained with a detector comprehensible to 
everyone, one should quote the values of the following varia bles : 
(a) Detection limit; it is advisable to indicate here how the noise is calculated 
and what value is used for x. Giving the sensitivity and the noise can be useful 
for other purposes, but gives no information about the quality of the detector, 
though it may give an indication of the specificity. 
(b) The dynamic range (linearity), an important quantity as regards the use
fulness of a detector. 
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3. PREPARATION OF A GAS FLOW WITH A KNOWN 
AMOUNT OF IMPURITIES 

3.1. Survey of the usual methods 

For the testing of a detector one needs a gas flow containing a known or at 
least a reproducible amount of impurities. As may be seen from table 1-11, the 
inert-gas flow must supply at least 10-15 g/s of "sample" for the electron-affinity 
detector, and at least 10- 12 g/s for the fiame ionization detector. The maximum 
amount is 100 % "sample" for the absorption detector and 0· 1 mg/s for the fiame 
ionization and electron-affinity detector at a gas velocity of 1 ml/s. The high 
concentrations (> 0· 1 %) are easy to make. At low concentrations the adsorp
tion on the walls gives trouble. The term "inert gas" will be taken here to mean 
a gas which does not give any signa! with the detector to be tested. 

The test equipment described in this and the next two chapters bas been tried 
out with the flame ionization detector because this detector completely covers 
the medium range of concentrations and can also detect widely differing con
centrations because of its wide dynamic range. This chapter deals with methods 
using liquids, and chapter 5 with methods using gases. Chapter 4 describes a 
method for covering a wide range of concentrations quickly. 

An obvious method is to allow the vapour of a liquid (or possibly a solid) 
to be carried off by a gas. If the vapour pressure is high, there is the problem 
of diluting the mixture obtained. A simple method of diluting a vapour (or a 
gas) is to mix it with the diluent gas in a gas-tight syringe. The vapour is sucked 
up first, and then the inert diluent gas 3l5, 320). This discontinuous method can 
be made continuous by mixing two gas flows with one another (chapter 5). 

A continuous m~thod is also obtained by introducing a little of the impurity 
into a cylinder and adding inert gas under high pressure. The amount of 
impurity added can be determined by weighing 312, 314). Disadvantage of this 
method is the adsorption on the wall. Dilution can also be produced by "evac
uating" a vessel containing the impurity 323). 

Another obvious method of reducing the vapour pressure is to reduce the 
temperature to a suitable value 324), or to choose liquids which already have 
a low vapour pressure at room temperature. Care should however be taken to 
ensure that the rate of evaporation can keep up with the consumption. This 
problem can be solved by giving the liquid a large surface area. 
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A widely used technique is to dilute not the vapour but the liquid with a 
preferably inert diluent. The vapour above the liquid will then contain a very 
small proportion of the desired component. The vapour mixture can then be 
carried off by an inert gas and the diluent vapour (e.g. water vapour) removed 
if necessary. In the steady state it follows from Henry's law that the vapour 
pressure of the substance present in low concentration will be proportional to 
its concentration in the diluent. 

Another possibility is to dissolve the desired impurity (impurities) in a "non-" 
volatile liquid 31°). By bubbling the inert gas through the liquid instead of 
passing it over the liquid, the rate of evaporation can be kept high. The advantage 
of this system is that the concentration of the added impurity will fall off with 
time, as it is used up (for an application of this principle, see chapter 4). 

Discontinuous methods are also possible. They are however not so suitable 
for the testing of detectors. One such method is that of the last paragraph but 
one, which is widely used with water as diluent. A continuous gas stream is not 
normally used, but samples are taken with a gas-tight syringe from the vapour 
above the liquid ("head space"). Practical descriptions of this method are given 
by Özeris and Bassette 321), Bassette et al. 302), Weurman 328), Burnett and 
Swoboda 306) and Bovijn et al. 303). Corrections to be applied are discussed by 
Van der Craats 307), while Burnett 305) has carried out measurements in con
nection with the rate of evaporation. The relative values of the vapour pres
sures, if several components are present, can be altered by the addition of salts 
to the (aqueous) solution 313, 302). 

Just the opposite technique may be used to obtain low concentrations of 
permanent gases. The gases are introduced into the space above a liquid, and 
the sample is taken from the liquid itself. Through the sample an inert gas is 
bubbled for carrying off the desired component. This method is also discontinu
ous 311, 326, 327). This technique is used e.g. for the determination of the gases 
dissolved in blood 308). 

In the possibility which is described in sec. 3.2 the vapour is not diluted but 
obstructed, by placing a capillary in its path through which it must diffuse. A 
membrane does not give reliable results 300). 

3.2. Theory of the düfusion capillary 

This principle can be realized in two different ways. In the diffusion cell a 
capillary forms the only outlet of a vessel filled with a pure liquid in equilibrium 
with the saturated vapour. The vapour lea ving the top of the capillary is carried 
off by an inert gas, so that the concentration of vapour at that point is kept zero. 
Care must be taken to design the cell so that this is really the case. Care must 
also be taken to prevent the concentration of vapour in the top of the capillary 
from being reduced by inert gas flowing in as a result of turbulence. According 
to e.g. Altshuller and Cohen 301) the diffusion ce11 does not give good results. 
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The design in which the liquid is found in the capillary, the diffusion capillary, 
is better. This was first described in 1871 by Stefan 325), who used it for the deter
mination of diffusion constants; see also Boynten and Brattain 304). lt is called 
a diffusion capillary, because a pressure gradient is built up as a result of the 
diffusion of the vapour out of the capillary and of the gas into it. 

The formula which is applicable in this case was already worked out by 
Stefan. The derivation was later given in a clearer and more complete form by 
Fortuin 309), while the principle is also given by Partington 322). 

The formula in question is 

where G 
D 
M 
p 

0 
R 
T 
h 

p 

DMPO P 
G = ln --

RTh P-p' 

amount of vapour carried off by the gas (g/s), 
diffusion constant of vapour in inert gas (cm2/s), 
molecular weight of vapour (g), 
pressure of inert gas (atm), 
cross-sectional area of capillary (cm2), 

gas constant (cm3.atm/deg.mole), 
absolute temperature of liquid, 

(3.1) 

diffusion length, distance from surface of liquid to top of capil
lary (cm), 
vapour pressure of liquid at temp. T (atm). 

Qualitatively, the truth of this formula is easy to see. The diffusion will 
increase if the diffusion length h is decreased, and also if the capillary is made 
wider (larger 0) or the diffusion constant D increases. The infiuence of the tem
perature is not so obvious. If only the expansion of the vapour is taken into 
consideration, the weight of gas diffusing out of the capillary per unit time will 
decrease (smaller G) (factor 1/T). The diffusion constant D increases with the 
temperature, according to McKelvey and Hoelscher 3l8) as T1/T2 and according 
to Boynten and Brattain 304) as (T1/T2)2 where T1 > T2. In both cases, this 
results in an increase in evaporation (bigger G). Moreover, increasing temper
ature also causes an increase in the vapour pressure (the In-factor) as a result 
ofwhich more vapour will leave the capillary (bigger G). According to McKélvey 
and Hoelscher 318) , the amount of vapour leaving the capillary per unit time is 
directly proportional to the temperature. It has however been observed in the 
equipment described below that with propanol-1 this quantity is in a certain 
temperature range proportional to the square of the teroperature, other things 
being equal (fig. 3.1 ). This simple relationship increases the usefulness of the 
equipment, since the corrections needed to allow for small variations in the 
temperature can easily be made. 
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Fig. 3.1. Relation between the amount (!)f vapour leaving the di1fusion capil!ary and the 
temperature. Ia the figure, the signa! of the flame ionization detector (which is proportional 
to the amouot of vapour) and the square root of this signa! are plotted against the temper
ature. It is found that in this temperature range the experimeotal points satisfy the relation 
i = k (T· 273)2. 

One difficulty which arises in practice is that with narrow capillaries (0 
< 2 mm), the liquid sticks to the walls owing to capillary forces. This gives 
inaccurate results. Le Blanc and Wuppermann 316) solved this problem by 
treating the walls with linseed oil. McMurtrie and Keyes 319) get round the 
difficulty by only using wide capillaries. In the equipment described below, 
good results were obtained by leaving the capillary overnight filled with alcoholic 
sodium-hydroxide solution before use. 

The loss of liquid from the capillary, from which the rate of evaporation is 
to be calculated, can be found by weighing before and after the experiment. 
The drop in the liquid level (which is independent of the cross-section of the 
capillary) can also be determined by means of a cathetometer. The mean of the 
values found before and after the experiment can be used for the distance from 
the top of the capillary 317). Both methods have the disadvantage that they do 
not take into account the fact that more liquid evaporates near the beginning 
of the experiment, because the liquid level is higher then. Desty et al. l ?89), 

who used a similar apparatus for testing a flame ionization detector, carried 
out an integration in order to correct for this. The method described here uses 
a capillary which is connected to one leg of a wide U-tube, so that the liquid 
level remains constant. 

It is however s.till necessary to know how much the liquid level would have 
fallen without this compensation. This is determined with the aid of an air 
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bubble introduced via a teflon or polythene capillary. This flexible capillary 
contains the liquid present in the wide tube together with the air bubble, which 
is visible from outside. The teflon capillary is placed under the glass capillary, 
and the air bubble carefully blown out of it. The latter then rises to the bottom 
of the glass capillary. The flexible capillary is then removed, and more liquid 
added to the other leg of the wide tube. The air bubble then rises in the glass 
capillary, pushing a little liquid in front of it. The evaporation takes place from 
the liquid above the air bubble. The bubble will then rise as liquid flows in from 
underneath to keep the level constant. This rise of the air bubble is equal to the 
fall in the liquid level which would have occurred if the wide tube had not been 
there. This rise was determined with a cathetometer after about 16 hours, 
together with the distance from the surface of the upper liquid column to the 
top of the capillary. The surface of the liquid is slightly curved, which limits 
the accuracy with which the liquid level can be determined to O· l mm. If the 
bubble rises very slowly, one bas to wait longer before measuring. 

It was also investigated whether the air bubble rises of its own accord in a 
completely closed system which is in equilibrium. It was found that the position 
of the bubble did not change in 1 ·5 days as long as its length was five times the 
internal diameter of the capillary. lt takes a certain time for the system to reach 
equilibrium after the capillary has been filled. lf the wall of the capillary was 
wet beforehand, the amount of liquid evaporating will initially be too great, 
while if the wall was originally dry the initia! evaporation rate will be too low. 
The time needed to reach equilibrium has been calculated by Fortuin 309) and 
Lee and Wilke 317). lt depends on many factors, but it may be said in genera! 
that 1 hour is sure to be enough. In the set-up used here, half an hour was 
generally sufficient. 

3.3. Construction of the diffusion capillary 

Figure 3.2 shows a working drawing of the apparatus. Attention was paid 
to the following points when designing it : 
(a) With the aid of the four-way valve shown on the right in the drawing, one 
can switch over from the arm which is drawn to an identical one which is not 
drawn. Use of a four-way tap ensures that the flow of gas is only interrupted 
for a moment, so that no excess pressure can build up which would lower the 
liquid level. Gas thus flows simultaneously through both arms. A flow resistor 
(length of capillary) is placed in the outlet of the four-way valve which does 
not lead to the detector, so that the gas velocity is kept the same in both arms. 
(b) Three diffusion vessels can be attached to each arm, so that vapour mixtures 
can also be made. Ground-glass joints are used so that these vessels can easily 
be changed. 
(c) The capillary extends to about the middle of the tube through which the 
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Fig. 3.2. Working drawing of set-up with interchangeable ditfusion capil
laries. The set-up allows the mixing of three components, and also the 
switching from the path shown to a similar path (not shown); this has to 
be done quickly, to avoid the building up of excess pressures. The thermostat 
jackets are connected to a circulating thermostat filled with a transparent 
liquid. If only one ditfusion capillary is used, the other holes are closed off. 
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inert gas flows, so that the vapour is carried off without the effective length of 
he capillary being reduced by an unknown amount by turbulence. 
(d) All diffusion vessels and the two arms through which the inert gas flows are 
fitted with jackets for thermostatting, since as mentioned above the temperature 
has a large effect on the evaporation. A transparent thermostatting liquid is 
pumped through these jackets. 
(e) The U-tube which is connected to the capillary has a length of metal 
capillary on its other end. This ensures equality of pressure inside and outside, 
without too much liquid being lost from the tube by evaporation. 
(f) Both flow circuits contain a length of glass capillary after the four-way valve 
(if the intemal diameter of the diffusion capillary is less than 0·5 mm). The 
pressure drop across this capillary due to the flow of gas (which should be kept 
accurately constant) will then compensate the capillary force according to the 
relation 

LJPc = LJPr, l 
where LJPc ~ 2y/rc and LJPr = v87Jl/1Tr;.) 

Here '1Pc 
'1Pr 
y 

re 
v 

7J 
l 

manometric pressure caused by capillary rise (dyne/cm2), 

pressure drop across flow resistor (dyne/cm2), 

interface tension liquid-glass (dyne/cm2), 

radius of diffusion capillary (cm), 
gas velocity (cm3/s), 
viscosity (dyne s/cm2), 

length of capillary acting as flow resistor (cm), 
radius of this capillary (cm). 

(3.2) 

With a diffusion capillary with a radius of a few tenths of a millimetre, one 
needs a flow resistor with a radius of 0·2 mm and a length of 5 to 15 cm, 
depending on the liquid used. 

A back pressure may already exist in the gas tube, e.g. because the apparatus 
is followed by a chromatographic column. The above-mentioned metal capillary 
is now not left open to the atmosphere, but is connected to the outlet of the 
apparatus behind the flow resistor. The U-tube is thus under the same pressure 
as the rest of the apparatus. The metal capillary must also be made much 
longer (20 times as long as the diffusion capillary for an equal diameter) to 
limit diffusion in it. 

The liquid in the diffusion capillary may not come higher than 6 cm below 
the top of the capillary in this design. With shorter distances, the thermostatting 
is found to be insufficient in the range 20-50 °C. 

This system has the advantage that a continuous gas flow is obtained and that 
no inconvenient adsorption effects are found, except that it takes a long time 
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to reach the steady state. Another advantage is a constant liquid level, which 
means that no complicated calculations are needed. The amount of vapour 
produced per unit time can be calculated with the formula given above, if the 
diffusion constant is known. Since the diff usion constant is often determined in 
a similar apparatus, reasonable results can be obtained. 

A better accuracy wil! be obtained by calibration. If the diameter of the 
diffusion capillary is known, this can be done by determining the fall in the 
liquid level as described above. The average diameter of the capillary can be 
calculated from the weight of a mercury column of known length in the capillary 
before it is sealed into the apparatus. 

3.4. Results 

The inftuence of the distance from the surface of the liquid to the top of the 
capillary was investigated with three different alcohols as the liquid. The expected 
inverse proportionality was found, as may be seen from fig. 3.3. 

The decrease in the vapour pressure with the higher alcohols resuJts in a lower 
signa! from the ftame ionization detector connected to this apparatus. With 
pentanol, and with a capillary for which 0 = 36.10-4 cm2 (see eq. (3.1)), a 
barely observable signa! was obtained at room temperature. Measurement of 
the displacement of the air bubble was usually done after leaving the apparatus 
overnight ("night measurement"). lt is preferable to do this with the detector 
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Fig. 3.3. Infiuence of the diffusion length on the amount of liquid evaporating (expressed as 
the signa! i of the detector), for three alcohols. A similar graph is obtained if i is plotted against 
0 at constant h, as predicted by eq. (3.1). 
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Fig. 3.4. Infiuence of the hydrogen velocity on the zero current (io), sensitivity (S) and detection 
limit (det. Jim.). 

switched on; then if anything should go wrong, e.g. as the result of a pressure 
pulse, this will be noticed and the measurement can be repeated. The dilfusion 
capillary described above, calibrated by "night measurements", was used for 
the determination of the curves of figures 3.4, 3.5 and 3.6, which give the effect 
of the various gas velocities on the flame ionization detector. Thanks to the 
use of the diffusion capillary, the absolute sensitivities could easily be determined. 

3.5. Discussion of the figures 3.4, 3.5 and 3.6 

The form of the curves can be explained on the basis of the treatment of the 
flame ionization detector given in chapter 1. See also the influence of the various 
gas velocities on the linearity (sec. 4.4). 

The "hydrogen curves" of fig. 3.4 show that the hydrogen velocity giving 
optimum sensitivity also gives optimum zero current. This optimum hydrogen 
velocity can be approximately calculated. If the flame (fig. 1.4) is regarded as 
a cylinder of diameter 2 mm (burner mouth) and height 3 mm (flame height), 
then the diffusion equation becomes: 

number of ml of 02/s -(diff. const. 02) (conc. grad. 02) (area) 
-(0·5 cm2/s) (0·2/0·15 mm- 1) (2773 mm2) 
-1·25 ml/s. 
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lt is assumed that the oxygen concentration falls from its value in air (0·2) to 
zero over a distance of 0· 15 mm, which is slightly more than the thickness of 
the reaction zone (0· 1 mm). 

The diffusion constant is taken as 0·5 cm2/s at the flame temperature in 
question. Diffusion through the top of the flame "cylinder" is neglected. lt goes 
without saying that this estimate of the surface area of the flame is also very 
approximate. According to this calculation, the optimum hydrogen velocity 
should be 2·50 ml/s at the flame temperature in question (assumed here to be 
about 1500 °K). This corresponds to 0·5 ml/s H2 at room temperature. The 
value found was 0·445 ml/s. 

To the left of the optimum there is not enough hydrogen, i.e. too many 
molecules and atoms of oxygen. This causes premature oxidation (lower sensitiv
ity) and more NO formation (higher zero current). To the right of the optimum 
there is too much hydrogen, i.e. too little molecular and atomie oxygen, i.e. 
Jess chance of CHO+ formation, i.e. lower sensitivity. The zero current does not 
rise as fast as to the left of the minimum. There is probably another effect involv
ed here, possibly OH- formation. The presence of this other effect is also 
indicated by the detection limit, which does not change much to the right of 
the minimum. This means that the noise in the zero current and the sensitivity 
change to the same extent here, which is not the case with a hydrogen deficit. 
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Fig. 3.6. Infiuence of the nitrogen velocity on the sensitivity (S) and detection limit (det. lim.). 

Fett 402) and McWilliam 1736) state that for each nitrogen velocity there is a 
corresponding optimum hydrogen velocity. In the present experiments, how
ever, the same optimum hydrogen velocity was found at all nitrogen velocities 
investigated. Halász and Schreyer 1793) also found the same increase of the 
zero current, but they found the sensitivity to increase strongly too. A variation 
of the sensitivity as shown in fig. 3.4 has been found by Andreatch and Fein
land 1781 ), J entzsch and Friedrich 1799), Desty et al. 1789) and Con don et al. 1821). 

Apart from the position of the optimum, the only differences between these 
·various observations are slight variations in the slopes of the sides of the peak. 

The "air curves" of fig. 3.5 show a plateau, which is to be expected, since when 
the air supply is sufficient diffusion will be the limiting factor. Too rapid supply 
of air can cause some turbulence in the flame, leading to a slight increase in 
the noise and hence in the detection limit. The plateau begins at 4·25 ml/s. 
The linear velocity of the air past the flame is then about O· l times that of the 
burning mixture. If the oxygen supply is less than this there will not be enough 
CHO+ fonnation (low S), and the zero current wil! also be lower. As bas 
already been mentioned, the flame noise is more or less Gaussian, so it is under
standable that the noise in the zero current (and hence the detection limit) wil! 
increase if fewer charge carriers are formed. Desty et al. 1789) find a similar 
curve. Andreatch and Feinland 1781) and Jentzsch and Friedrich 1799) find a 
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more rapid decrease with increasing oxygen supply. It is likely that the dimen
sions of the screen round the flame play a role here. 

The "nitrogen curves" of fig. 3.6 show that the sensitivity increases with 
increasing nitrogen velocity, i.e. with decreasing burning velocity and thinner 
reaction zone. The thinner reaction zone probably means that there is less 
chance of side reactions, so that more CHO+ can be formed. If the reaction 
zone is too thin, pyrolysis will be incomplete, resulting in a lower sensitivity. 
The zero current, not shown in this figure, is found to increase up to about 
0·3 ml/s N2 and to remain more or less constant at higher gas velocities. The 
increase can be explained as being due to increased NO formation, and the 
constancy as being due to a decrease in the flame temperature. The detection 
limit is found to be constant over a wide range of gas velocities. Nitrogen 
curves determined at optimum hydrogen velocity were found to have a similar 
form. Condon et al. 1821) merely find an increase in the sensitivity with increas
ing nitrogen velocity. 

3.6. Summary of possibilities 

The diffusion apparatus shown in fig. 3.2 offers the following possibilities, 
among others: 

(a) absolute calibration of detectors by "night measurements" ; 

(b) mixing of 2 or 3 components; 

(c) a variation of the ccincentration of the substance in question by a factor 
up to 200, by changing the temperature (in the range from 20 to 50 °C), 
the diameter of the capillary (0· 1 mm to 1 mm) and the diffusion length; 

(d) the gas velocity past the capillary can be varied without changing the weight 
of vapour coming from the capillary per second. This has been experi
mentally verified in the range from 0· 1 to 1 ·0 ml/s. The system is thus suita
ble for studies of the influence of the carrier-gas velocity; 

(e) rapid change-over from one component to another; 

(f) coupling with a sampling valve; 

(g) easy changing of diffusion capillaries; 

(h) reproducible intluence of diffusion length, once the capillary has been filled. 

The system described has the following disadvantages: 

(a) too high a pressure in the system can open the ground-glass joints; 

(b) the dynamic range is rather low; 

(c) for accurate absolute measurements, a "night measurement" should be 
made each time a capillary is filled; 

(d) viscous liquids can give troublè during the filling. 
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4. LOGARITMIC GAS DILUTER 

4.1. Principle 

In order to study the variation of the signa! with the amount of sample 
supplied to the detector per unit time, one must have gas mixtures ofvarious 
concentrations at one's disposal. The discontinuous method is to inject various 
amounts of a component into the gas chromatograph, the area of each corre
sponding peak (in microcoulomb) then being determined. The accuracy with 
which the substance can be measured out is then the limiting factor. 

In the logarithmic gas diluter a known amount of a given component is 
instantly introduced into a vessel through which the inert gas flows. The added 
substance distributes itself throughout the vessel and a certain percentage 
(determined by the ratio of the gas velocity to the volume of the vessel) is 
carried off per unit time. This results in a logarithmic decrease in the concen
tration. This is thus a continuous version of the method mentioned in the first 
paragraph. 

The initia! concentration can be calculated from the amount added and the 
volume of the vessel. The concentration at any later instant can then be cal
culated with the aid of the above-mentioned ratio. 

The sample flow rate in mg/s thus calculated can be plotted against the 
observed signal. For a linear detector this gives a straight line as in fig. 2.1. 
The linearity can thus be determined in the range covered by the diluter. The 
dynamic range of the diluter is the ratio of the highest and lowest concentrations 
between which a known relation exists. lt was found possible to increase the 
total range by carrying out two runs with different initia! concentrations, since 
within certain limits the dynamic range is independent of the initial concen
tration. In this way the dynamic range of the dètector could be determined. 

4.2. Construction 

The principle of this diluter has been mentioned by e.g. Lovelock 1431), and 
later applied by Roske and Fuller 404). Probably because the results obtained 
were not very satisfactory, this test method has hardly been used since. The 
difficulty was that owing to quite appreciable adsorption on the walls of the 
vessel, the decrease in concentration was only logarithmic over a factor of 100 
to 1000. The dynamic range was thus also only 100 to 1000. The above-men
tioned authors obtained this result with a stirrer in the middle of the vessel. 
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For this reason the design used here, as may be seen from the constructional 
drawing of fig. 4.1, included a stirrer whose extended blades just missed the 
walls of the vessel. The stirring in the direction of flow produced by this stirrer 
is slight, it is true, but this does not matter as the gas flowing through the 
vessel takes care of the mixing in this direction. The signa! given by the detector 
bas the form shown in fig. 4.2. With accurate measurement, this curve was 
found to be logarithmic over a factor of 100 000. 

The design of this diluter requires care. Dead spaces should be avoided, as 
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Fig. 4.2A. Recording obtained with the 
logarithmic diluter, without use of the attenua
tor included in the amplifier; vv is the volume 
of the dilution vessel. 
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Fig. 4.1. Constructional drawing of the logarithmic diluter. Use 
is made of a KPG bearing. Naturally, this design can also be 
used for ether volumes. 
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(a) At very high concentrations ( > 30 %) the signa! is lower than at lower concentrations. 
The increase in the signa! is discontinuous and more or less coincides with the dis
appearance of the yellow colour of the flame. 

(b) It may be clearly seen that the detector becomes linear half-way along the x 10 000 
section, i.e. at i = 4.10- 7 A. With a noise of 4.10- 15 A the dynamic range of the detector 
is thus JOB. 

(c) lt may also be seen that the decrease of the signa! with time becomes less in the course 
of the x 3 section. This is caused by adsorption on the walls of the dilution vessel. 
The dynamic range of the diluter is thus about 1·5.105. 
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these can trap impurities and deliver them later, thus causing errors. For this 
reason, it would probably be a good idea to make the head of this diluter smaller. 
A good example of a faulty design of the gas leads may be seen in fig. 4.3. 
Teflon leads were used because polythene was found to give too much adsorp
tion. These were joined to the serto connectors 405) by placing a copper tube 
in them and a conical tube on the outside; these two tubes can be pressed 
tightly the one against the other, giving a good seal. This method of sealing 
was found to give a very noticeable ripple in the signal; remarkably enough, 
the ripple was very nearly sinusoidal in form, see fig. 4.3C. Probably the inner 
tube did not quite fit against the wall of the teflon tube. Tbis inner tube was 
therefore omitted, and the outer tube stuck to the teflon lead with araldite. 
As a result, the dynamic range was extended by a factor of about 10. 

In order for the volume to be accurately known, the gas inlet and outlet 
leads should be as short as possible. The designs shown here can certainly be 
improved on this point. The stirring can be improved by use of a slanting 
stirrer blade. 

The glas hearing could not be lubricated with glycerol as is usual, because 
this would slowly drip into the dilution vessel. The upper half of the hearing 
was therefore very lightly greased. The bearing could then be lubricated quite 

teflon 
A~Serto 
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·+G-irrn 
1 

Araldltt 

- (201) 

Fig. 4.3A. Faulty design: teflon tube with internal copper tube fixed to serto connector. 
Fig. 4.3B. Good design: outer conical tube stuck to teflon tube with araldite. 
Fig. 4.3C. Effect of the <lead space in design A as seen on a recording Iike that of fig. 4.2B 
at low concentrations (about 10 000 Iess than the initia! concentration). 
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satisfactorily with a very little water. A cycle dynamo working in reverse was 
sufficient for the drive. The wear was greater than with glycerol lubrication. 

A drive via a magnetic coupling should enable the system to work under 
pressure. 

4.3. Possibilities 

The circuits in which this diluter can be included are sketched in fig. 4.4. 
If one starts by flushing the vessel out with the impurity (4.4B), one can start 
with a known concentration of 100 %. Adsorption phenomena start to play a 
role at about 0·001 %. Fortunately, the adsorption was found not to be a 
constant amount per unit time, but a constant percentage per unit time. In a 
second experiment (fig. 4.4A), 1 ml of gaseous impurity was injected via the 
injection piece with a gas-tight syringe. If the volume of the dilution vessel is 
100 ml, the initia! concentration is then 1 %. In a third possibility (which was 

-def. 

A 

---del. 

B 

Fig. 4.4. Possibilities with the logarithmic diluter. 
A. CaHs is injected through the silicone rubber and logarithmically diluted in the mixing 

vessel. Too quick injection can cause the flame to be blown out. 
B. The mixing vessel is first flushed out with C3Hs until it is present there to a concentration 

of 100 %. The C3Hs supply is now shut off, and that of the N 2 opened. The initia! con
centration is 100 % in this case. Look out for <lead spa ces in the connections to the taps. 

C. Extra CaHs is injected into the gas mixture whose concentration is decreasing. With a 
linear detector, the peak this gives should always have the same size. 
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not used), see fig. 4.4C, extra propane could be injected after dilution. The 
detector would then "see" an amount of material superimposed on the gaseous 
impurity from the dilution vessel. If the detector is linear, than the extra signa! 
caused by this will be independent of the concentration of the gaseous mixture 
from the dilution vessel. 

The dilution vessel can also be initially filled with a mixture made according 
to the method described in chapters 3 and 5. 

If the detector is non-linear, it will make a difference whether it receives a 
given quantity of sample in a long time or a short one, since the detector reacts 
to mg/s. The peak from a chromatographic column can be quite high and 
narrow. The top of the peak will then fall within the non-linear range of the 
detector. The inaccuracy in the determination of the peak area will be less than 
indicated by the non-linearity, since only the top part of the peak is affected. 
This diluter does not have tbis trouble as have other devices for measuring the 
linearity, since the supply of the impurity to the detector is spread out over a 
long time, see also Andreatch and Feinland 1781) . In total more material can 
tbus be used before the peak of fig. 4.2A comes in the non-linear part of the 
calibration curve. The surface area of a peak was determined and the sensitivity 
calculated from that. The results were well reproducible. The advantage of this 
method is that a large and thus accurately known amount of a component can 
be injected. The following quantities can thus be determined from one measure
ment: 

(a) sensitivity; 
(b) linearity over a range of 1Q5; 

(c) noise, by measuring at maximum sensitivity at the end of the run; 
(d) detection limit, from the foregoing two quantities. 

Togetber with the ionization yield, which can be calculated from the sensitivity, 
these are all the quantities of importance for a given setting of the detector. 

The measurement of a logarithmic curve is rather a difficult business. At
tempts were therefore made to simplify this measurement. This can be dorre 
witb the aid of the current produced by the discharge of a capacitor, which 
also bas a logarithmic form. If the signa! applied to the recording potentio
meter is compensated by this capacitor current, a constant signa! will be 
obtained. A possible circuit is that shown in fig. 4.5. Two settings have to be 
made: the initia! value, and the time constant which corresponds to the ratio 
of the volume of the vessel to the gas flow rate. The initia! value is adjusted with 
the aid of Rb when the DPST switch S is closed. The recording potentiometer 
then reads zero. After S bas been opened, Rt is adjusted so that the recorder 
continues to read zero. This adjustment should be dorre quickly, because the 
initia! value required for each RC-time keeps changing. This requires a certain 
degree of skill. The time constant is first adjusted with an initia! concentration 



- 76 -

1N s 
,_ _ ____,. 1-I --- : 

5000~ 

+ 12V 

1 

Rb 1 
1 
1 

1 
1 
1 
1 
1 

r~l 10mV 
1 o 1 Re c. 
10 1 
'-TJ 

1 
1 

1 
1 
1 

Fig. 4.5. Compensation circuit for use with the logarithmic diluter. The maximum compensa
tion voltage is about 80 mV for the given values of the components. The amplifier must be 
linear up to this voltage. The RC time is adjustable from 50 to 300 s (the adjustment affects 
the initia! value slightly). Rb and Rt are ten-turns heli-potentiometers. 

for which the detector is certainly linear; only the initia) compensation is then 
readjusted at a high initia) concentration. If the zero line now obtained is not 
straight, the detector is non-linear: the deviation from a straight line which 
occurs after a certain time is a measure of the detector's deviation from linearity. 
Another possibility which can be realized with this simple apparatus is to allow 
the concentration of two substances to decrease with their ratio remaining 
constant. 

This diluter may well prove useful for kinetic measurements too: it would 
be easy to use it to determine how the amount of a given component converted 
in a constant time ( = time it takes to flow through the reaction vessel) varies 
as the concentration of the component falls off logarithmically. 

4.4. Results obtained with a ftame ionization detector 

Not many accurate measurements of the linearity and/or dynamic range of 
a detector are given in the literature. Evans 401), Arndt et al. 1782), Fujishima 
et al. 212) and Van den Heuvel 406) have published measurements; see also 
table 1-VI. The last author found various regions in which the detector is linear. 
Novak and Janak 403) concluded that the flame ionization detector is linear up 
to 0·6 % (volume) and that above this concentration peak doubling occurs. 
Since both their electrodes were on one side of the flame, it seems likely that 
this peak doubling is caused by recombination due to insufficient field strength. 
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In agreement with the results to be described, they found that this limit is raised 
as the nitrogen flow rate increases. Ackman and Burgher 400), who used helium 
as carrier gas, found that the linear range is 1 %, which rises to 5 % as the helium 
ra te is decreased. The setting of the flame ionization detector was not mentioned. 
Roske and Fuller 404) found the linear range of the flame ionization detector 
to be 1 %, and that of the argon detector to be O· l %. They also measured the 
time constants of various detectors. Lovelock 1624· 1431) has carried out meas
urements to determine the dynamic range of the electron-affinity detector and 
the argon detector. He found the dynamic range of the former to be 4000, and 
that of the latter to vary from 500 to 2000, depending on the type; Upham et 
al. 1446) quote 4000. Desty et al. 1789) and Condon 1820) state that the dynamic 
range of the flame ionization detector is at least 102; Jentzsch and Friedrich 1799) 
quote 105 to 106, and Halász and Schreyer 1793) and Condon et al. 1821) 107. 
McWilliam 1736) gives the dynamic range as 108, and Calcote 1713) as high 
as 109. According to fig. 4.2B of this work, the dynamic range is 10s. The 
Jinear range extends tö about 20 %. 

Fora linear detector, the signa! i obtained will be proportional to the number 
of g/s supplied, that is to cvd, i.e. i = kcvd. In genera!, 

For the dilution vessel, 

where 

Ct = co e-vt/V, 

(4.1) 

io/it = (ko/kc) evtn/V, 

log (io/it) = log (ko/kc) + 0·4343vtn/V, 

Ct 

co 
v 
d 
v 
kc 

n 

concentration at time t in vol.% , 
initial concentration (t = 0) in vol. %, 
gas velocity in ml/s, 

- density of impurities (g/ml), 
volume of vessel in ml, 
a constant depending only on the concentration (with dimensions 
C/g for n = 1); at t = 0, kc = ko, 
constant. 

In the curves of figs 4.6 and 4.8, log it is plotted against t. The slope of 
the line thus obtained is given by 

tan a =[(log it) +log (ko/kc)-log io]/t = -0·4343vn/V. (4.2) 
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For a known value of n (with a linear detector, for example, n = !) and a 
known gas flow rate, the effective volume of the vessel can be determined. This 
effective volume is found to be slightly greater than the real volume, determined 
by filling the vessel with water and weighing the water. This is probably due 
to the influence of the gas inlet and outlet. Fora given gas flow rate, the effective 
volume is constant. The value of n is taken as 1 for the flame ionization detector 
in the linear part of the curve, and the .calculated volume of the vessel is used 
in the testing of the detector described in chapter 7. On the basis of this assump
tion, the influence of nearly all possible variables on the linearity of the flame 
ionization detector was investigated, with propane as test gas. The following 
results were found. 

Air velocity. Increasing the air flow rate above 4·25 ml/s is found to have no 
further infiuence on the linearity. Below this value (see also fig. 3.5) the linear 
range is reduced because the electron yield is relatively too low at high concen
trations. The reason for this is obvious: in particular at high concentrations, 
oxygen is needed for the formation of CHO+. Below 4·25 ml/s there is not even 
enough oxygen for the flame, so there will certainly not be enough for the 
propane. 

Hydrogen velocity. At a velocity less than the optimum value (fig. 3.4), the 
electron yield is found to be relatively too high at higher concentrations (from 
about 0·5 % at vH2 = O· 35 ml/s), and relatively too low at high velocities (from 
about vH2 = 0·80 ml/s at a concentration of 3 %), see fig. 4.6. Naturally, the 
sensitivity also varies, as does the current at which the detector ceases to react 
linearly. The reason for this could be that the excess of oxygen which otherwise 
removes the CH radicals by premature oxidation is consumed by the H atoms 
of the propane when the concentration of the Jatter is high. With 3 % CaHs, 
this accounts for as much as 10 % of the total. This causes a higher sensitivity 
at higher concentrations. At high hydrogen velocities there is not enough oxygen 
for the combustion, and hence too little atomie oxygen for CHO+ formation. 
In particular at high concentrations this will have a bad effect on the linearity. 

Nitrogen velocity. When the hydrogen velocity is too high, the influence of 
the nitrogen velocity is as shown in fig. 4.7. It is striking that the concentration 
up to which the detector is linear varies considerably, while the corresponding 
current does not vary so much. As appeared from other experiments, the current 
variation is not limited by recombination. At low nitrogen velocities the burning 
velocity is higher and the reaction zone broader, which thus probably gives 
more chance of side reactions, particularly at high concentrations. As has 
already been mentioned in connection with fig. 3.6 these premature side 
reactions compete with the CHO+ formation. The CH must be brought into 
contact with 0 as quickly as possible in order to improve the probability of the 
latter reaction. The zone of thermal cracking and the zone where most 0 is 
found should thus be adjacent. If this is not the case, the oxygen will have to 
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Fig. 4.6. Infiuence of the hydrogen velocity on the linearity of the fiame ionization detector. 
At the optimum hydrogen velocity according to fig. 3.4, the detector is found to be linear 
up to 19 %. The deviation of the line at low hydro gen velocities is probably due to an instru
mental error. For the sake of clarity, the 3 lines are drawn so that their middle lioear portioos 
coincide. The figure thus gives no information about the effect of the hydrogen velocity on 
the sensitivity. 
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Fig. 4.7. Infiuence of the nitrogen velocity on the highest concentration at which the fiame 
ionization detector is still linear and on the corresponding current. The hydrogen velocity is 
higher than the optimum value. 

reach the CH radicals by diffusion. This will be more difficult for the atomie 
oxygen than for the molecular oxygen, as the former is more reactive and will 
tend to react on the way. But one must be careful not to go too far to the other 
extreme: if the reaction zone is too narrow, pyrolysis will be incomplete. Since 
the amount ofO present at the "outer" edge of the reaction zone seems constant, 
more propane can then be supplied befote the same amount of CH reaches the 
outer edge. The maximum current will thus not vary much. 

At the optimum hydrogen velocity the effect is quite different, as may be 
seen from fig. 4.8. With nitrogen flow rates of less than about 0·4 ml/s, the 
sensitivity decreases at high concentrations (from about 1 ·5 % at 0·32 ml/s), 
while at higher nitrogen flow rates the detector remains linear (right up to 19 %). 
The flame then begins to become visibly yellow as a result of soot formation. 
Apart from premature reactions, which will occur at high and low concentra
tions, recombination plays a role, especially at high concentrations. The nitro
gen then reduces recombination by diluting the gas mixture. The nitrogen flow 
rate may not be chosen too high, as this would cause the detection limit to rise 
(fig. 3.6). 

Battery voltage. This was kept constant at 135 V, the mouth of the burner 
being positive. The electrons, which have to be removed more quickly, thus had 
a smaller distance to travel, which kept recombination at a minimum. For the 
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Fig. 4.8. Influence of the nitrogen velocity on the linearity of the flame ionization detector 
at the optimum hydrogen velocity. For VN2 > 0·4 ml/s, the detector is linear. For VN2 = l ·24 
ml/s the detection limit is definitely worse (fig. 3.6). The lines have different slopes because 
the ratio V/v varies with the nitrogen velocity. The "tails" (which are only shown for one 
line, for the sake of clarity) represent the departure of the dilution vessel from linearity owing 
to adsorption. The reason for the two tails for one line is that in fact each line combines the 
results for two runs, with initia! concentrations of 100 and 1 %. A check on the results is 
provided by the fact that the two line segments overlap to a certain extent. 
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infl.uence of the polarity of the voltage, see also Ongkiehong 1705), McWil
liam 1736) and Dewar 1790). The minimum battery voltage at which a further 
increase in the voltage no longer had any effect on the current at a given 
concentration (the saturation voltage) was not determined. The lowest voltage 
at which the flame remained linear up to high concentrations, if the gas flow 
rates are optimum, which is a more meaningful quantity, was however deter
mined. It was found to be as low as about 100 V. 

The results given above are in agreement with values quoted in the literature. 
In general, authors did not mention anything about optimum glas flow rates, 
and they found the flame ionization detector to be linear up to 0· 1-1 % ( table 
1-IV). This is in reasonable agreement with the lowest values found here when 
no special attention is paid to the value chosen for the gas flow rates. In practice, 
a linear range of more than 1 % is not needed. If it should be required, however, 
it can be obtained by determining the optimum glas flow rates and adjusting 
the gas flow to these values. If the chromatographic column requires less nitro
gen than is given by this condition, the extra nitrogen can be added at the end 
of the column. This is to be recommended in any case, as the nitrogen flow 
rate has an effect on the sensitivity so that results obtained with one detector 
with different columns or with temperature programming are hard to compare. 

It seems not impossible that if these precautions were taken, the sensitivities 
found for different flame ionization detectors would be found to compare quite 
wel! with one another, since the differences between the values published for 
various versions are of the same order of magnitude as those produced by 
changes in the gas flow rate. The fact that nitrogen is an essential component 
of the gas mixture for fiame ionization detectors is often not sufficiently realized. 
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5. LINEAR GAS DILUTER 

5.1. Purpose 

The diffusion capillary described in chapter 3 is capable of introducing a 
desired flow of the vapour of a given liquid into the carrier gas. Naturally, tbis 
method cannot be used for introducing a gas into the carrier gas, or for further 
dilution of the vapour-gas mixture. If this mixture is diluted, e.g. 1000 times, 
then two concentrations differing by a factor of 1000 would be available; these 
can if desired be used for a rather rough and ready linearity test. 

An instrument for diluting gases or vapours with another gas is used in 
investigations of the function of the nose "olfactometer". This instrument is 
used to determine the detection limit of the nose, see Stuiver 503). This author 
gives a survey of other, considerably less accurate methods and a detailed 
description of the "olfactometer". This instrument starts with a saturated 
vapour. 

A similar apparatus for use in gas chromatography has been described by 
Huyten et al. 501). In both this and the previous apparatus, the flow resistances 
are provided partly by capillaries and partly by needle valves. In the apparatus 
to be described below, only capillaries are used as flow resistances. Another 
type of "gas divider" is described by Gregory 504). 

5.2. Construction 

The "circuit diagram" of the apparatus is shown in fig. 5.1, the significance 
of the symbols being explained by the figure. The "resistances" shown in this 
figure are in fact flow resistances (lengths of capillary), for which 

LJP = Vg (817 l/rrr4). 

An analogous relation holds for an electrical resistance: 
LJ V i(R), 

where L1P 
v 

V g 

pressure drop over capillary (dyne/cm2), 
voltage drop over resistance (V), 
flow of gas tbrough capillary (ml/s), 
current through resistance (A), 

(5.1) 

8 17 l/TT r4 = Rs = flow resistance of capillary (in "pneumatic obm"), 
R resistance (ohm), 
17 viscosity (poise = dyne.s/cm2), 
1 lengtb of capillary (cm), 
r internal radius of capillary (cm). 
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Fig. 5.1. "Circuit diagram" of the gas diluter. The two resistances whose values are not given 
must be large compared to Ra and precisely equal to one another. Line 2 produces a high 
concentration of propane, 3 a low one and 4 pure nitrogen. The capillaries indicated by broken 
lines are connected where the detector is not connected to the particular line. They serve to 
prevent pressure variations caused by the fiow resistance of the detector. 

It would clearly be possible to make an electrical analogue of this diluter. 
The two would however differ in one very important respect: the detector sees 
a difference between molecules from line 1 (propane) on the one hand and 
from lines 2 and 3 (nitrogen) on the other, while there would be no difference 
between electrons from lines 1, 2 and 3. In an electrical analogue, therefore, a 
change in the setting will produce a small variation in a high-level signal. In 
the case of the diluter, this signal is not determined by the apparatus, but by 
the following detector and is usually small too. 

The concentrations in' v2 and va may be calculated as follows (for symbols, 
see the figure) : 

v12 P12/R12, 

v23 P2a/ R2a; the part that "leaks" out of v2 is P2a/ R2av2, 

via = P12 P2a/R12 R2a v2, 

v2 = P2/R2 and va = Pa/Ra, so 

v13 = P12 P23 va/ ( Rrn R~ P2 Pa), 
Rz R 3 

R12/ Rz = ( 7Jprop/ T/nitr) (/i2//z), 

Rza/ Ra = /23/ la, 

So via = [ P12 P2a/Pa (Pa + P2a)] [/z la/li2 /za] [ 7Jn1trf77prop] va, 

(5.2) 
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where v 13 = number of ml/s from v1 entering va, 
l = length of the capillaries (all with an internal diameter of0·25 mm) 

used as flow resistances. 
It may similarly be found, by multiplying v12 by v2/v2 that 

v12 = P12/R12 = [Pl2/(Pa + P2a)] [/2//12] [ 7)nitr/7)prop] v2 

and via = v12 [P2a/Pa] [la//za] [ va/v2]. 

The following assumptions were made in the above derivation: 

(5.3) 

(a) the velocity of the gas entering lines 1 and 2 is equal to the velocity of the 
gas leaving these lines; 

(b) the viscosity of the gas in the capillaries Rz, Rza and Ra is equal to that of 
nitrogen; 

(c) P1 > P2 >Pa. 
These assumptions are acceptable if only a little propane "leaks" from line 1 

to line 2. 
To allow accurate determination of the concentrations, the pressures should 

be precisely known. Betz micromanometers 500), which allow the pressure to 
be read off with an accuracy of 0·01 mm water column, are therefore used. 

The nitrogen velocity in the third line, va, should also be known. The com
bination of Ra and the meter used for measuring Pa can be used as a venturim
eter. The reading of this manometer should therefore be calibrated in ml/s 
with the aid of a soap-bubble meter. The same is true of the gas velocities needed 
for calculating the concentration in v2. 

The ratio of the viscosities can be calculated from data given in the literature 
and is in the present case, when nitrogen and propane are used, equal to 0·458 
at room temperature. 

The ratio of the flow resistances of the capillaries can be determined by an 
"internal" calibration. It is hardly to be expected that this ratio will be equal 
to the ratio of the lengths, since the internal diameter can vary quite consider
ably. For short lengths of capillary this difficulty was avoided as far as possible 
by using several pieces in parallel. These pieces were taken from various points 
along a long piece of capillary, to get as good an average as possible. The ratios 
of the flow resistances were then found to differ by not more than 20 % from 
the values calculated from the lengths. 

The method used for the "internal" calibration is sketched in fig. 5.2. By 
closing certain lines and introducing nitrogen at one point only, the ratio of 
the observed pressures can be correlated with the ratio of the flow resistances. 
The accuracy naturally depends on that of the pressure measurement. Ratios 
once determined can be used through the life of the apparatus. 

An important property of the apparatus is the dynamic range, the ratio of 
the highest and lowest concentrations which can be realized. lt is clear from 



Fig. 5.2. Principle of the method 
used to determine the ratio of the 
lengths of the capillaries by "inter
nal" calibration (see also fig. 5.1); 
X = closed line. 
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eqs (5.2) and (5.3) that this quantity is determined by the pressures and the 

ratios of the lengths of the capillaries. If it is assumed that P23/P3 can vary 
from 0·25 to 2·5 and that for each intermediate value of this ratio P12/P2 can 
assume any value from l ·O to 20, then the total variation which can be achieved 
by changing the pressures is a factor of 200. Much larger variations give trouble, 
because it is then impossible to satisfy the condition P1 > P2 > P 3. The 
variation can be increased even further by altering the relative lengths of the 
capillaries. The design of fig. 5.1, in which the length of the two long capillaries 
can be made either 50 or 500 cm as desired, was chosen to make for ease of 
calculation. When Ri2 is 50 cm, it should be remembered that the above 
assumptions are no Jonger really justifiable. The design shown was chosen 
because changing the capillaries was not found to give satisfactory results. 
This was probably because this caused a variation in the position of the end 

of the capillary in the wide tube. In order to increase the flexibility still further, 
R 2 was also divided into two parts, allowing variation by a factor of 10/3. 

5.3. Use 

The concentration in the stream of nitrogen flowing out of line 3 is more or 
less independent of the gas velocity (for P3 « P23). In the diffusion capillary 
(chapter 3) the amount of organic material per unit time was constant, inde
pendent of the gas velocity. 

Line 4 was included for practical reasons; it allows the zero current to be 
easily determined at the same velocity as that used for transporting the propane. 
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The apparatus was not thermostatted. The temperature will certainly have 
an effect on viscosities, cross-sections of capillaries and densities of the gases, 
but fortunately all these quantities occur as ratios in the formulae used. 

One disadvantage of the apparatus is that the time taken to reach the steady 
state is long. If the gas velocities through the long capillaries are calculated 
from the pressure differences involved, these are found to be so low that the 
time taken for the gas to flow through the long capillaries is 20 minutes. This 
does not matter with R12, because this carries 100 % propane, and changes in 
the velocity will be propagated quickly through the capillary. It does however 
matter with R23, since a change in concentration has to move through this 
capillary. The time taken to reach the steady state was in genera! found to be 
2 hours (for li2 = /23 = 500 cm), partly because of the large dead spaces in 
the water manometers used. 

Great care should be taken that no dust or water droplets get into the narrow 
capillaries, since these would block thern up. A water droplet in the capillary 
increases the flow resistance very considerably, which naturally gives rise to an 
inaccurate measurement. In some cases this can be spotted by an enormous 
increase in the noise, due to the fact that the water droplet repeatedly "gives 
way" and is reformed again. This produces pressure pulses. 

5.4. Applications and improvements 

Although the apparatus does not give a great accuracy, it can quite well be 
used for deterrnining e.g. the curves of figs 3.4, 3.5 and 3.6. As mentioned in 
connection with these figures and also in chapter 4, the determination of these 
curves is very important. The apparatus is also found to be useful as an extra 
diluter after the diffusion capillary. 

In a new design, attention should be paid to the following points. 
(a) Shorter, oarrower capillaries mean that the time taken to reach the steady 

state will be shorter, although the inftuence of diffusion will probably 
increase. 

(b) Connections should be made free of <lead spaces. For example, the con
nections shown in fig. 4.3A were used, which was later found to be wrong. 
It may be mentioned in this connection that the logarithrnic diluter may 
well be used to test this apparatus for <lead spaces. 

(c) Pressure meters should have a minimum dead volume;, e.g. capacitive 
pressure transducers, in which the membrane which responds to the pres
sure only moves slightly, corne into consideration here. 

(d) Capillaries made of another, non-oxidizable material such as gold or glass 
would not tend to get narrower as time went on, as the copper capillaries 
may do. 

(e) A more compact construction would allow thermostatting. 
(f) Stainless-steel filters could be used for complete removal of <lust. 
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(g) Quick switching of the detector to line 2, 3 or 4, with simultaneous switch
ing in of the dummy capillary, by means of electromagnetic valves would 
simplify the use of the apparatus. 

5.5. Results 

These were not very satisfactory. The flow rate of the nitrogen in the third 
line was kept constant to ensure constant sensitivity of the "flame". After the 
ratio of the flow resistances had been determined, the concentration was cal
culated with the aid of the formulae given above and the measured pressures. 
Knowing v3, this could be converted into mg/s. The ratio of this quantity to 
the signa! gives the sensitivity. The values observed were found to differ by 
more than a factor 2. The lowest values, i.e. somewhat more than 2 µC/mg, 
agreed with those found in figs 3.4, 3.5 and 3.6: since it is to be expected that 
the sensitivity for propane (M = 44) should be about twice that for ethyl 
alcohol (M = 46), because ethyl alcohol has only 1 ·5 "active" C atoms (section 
1.10.3), so that it gives a sensitivity proportional to l ·5 x 12/46, while propane 
gives a sensitivity proportional to 3 x 12/44. This sensitivity found for propane 
agrees well with many other values given in the literature, see table 1-VI. 

lt is not clear why the values found are always too high, and never too low 
(even when the gas mixture is taken from line 2). It may be that the gas fiowing 
past capillaries R12 and Rz3 "sucks" propane out of them; this has been used 
as the basis of a dilution method by Saltzman 502). It does not seem likely 
that diffusion would play an important part, with such long capillaries; accord
ing to chapter 4, the diffusion is inversely proportional to the capillary length. 

Observations by Huyten et al. 501) in a similar apparatus, as given in their 
table 1, agree well with the results found here. They compared the observed 
values with calculated values, the Jatter being taken as correct. However, the 
flame ionization detector appears to be better than was expected, since if their 
observations are arranged on the assumption that the observed values are 
correct, then above a certain limit the calculated values are found to be too 
high, and below this limit they are too low. The difference increases with 
distance from this limit (this is probably the fault of the needle valves used as 
the flow resistances R1, Rz and R3). 

This error is not found with the apparatus described here in a narrow 
concentration range. If further the measurements are carried out in quick 
succession, the reproducibility is good, as may be seen from fig. 5.3. The· signa! 
and thus the amount of propane supplied remains constant once it has been 
adjusted toa given value. The apparatus is thus suitable for producing a constant 
flow of a given gaseous mixture. 

Another result was that the absolute value of the noise increased with an 
increase in the signa!. In percentages, the noise in the signa!, which can only 
be determined at a constant gas flow rate, decreased steadily from 10% at 
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Fig. 5.3. Relation between the signa! of the flame ionization detector and the calculated 
propane concentration (vN2 ~ 1 ml/s). The gas mixture was taken from line 3 of fig. 5.1. 
The detector was adjusted to optimum gas velocities. 

logR 

(R, 10-12 

4~ 

4,0 

3,5 

3/J 

2,5 

2,0 

1,5 

1,0 
/. 

/ 

2,5 

/ 
/ 

/.. 

3,0 3,5 

."/ 
y 

4,0 4,5 

·/. 

./ 
/ 

/• 

··/.· 
/" 

5,0 5,5 6,0 6,5 
-100 i (i: 10·1S Al 

Fig. 5.4. The log-log relation bet ween the signa! i and the noise R (R = (2/3) Ur max). The 
C3Hs/N2 mixture was ta ken both from line 2 and from line 3 of fig. 5. 1. T he broken line 
satisfies the equation R = (ïO·S76)/32·3. 
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10-11 A to 1 % at I0-6 A. Two completely different designs of the apparatus 
gave roughly the same values. This would seem to indicate, although this is 
not mentioned in the literature, tbat the noise depends on the signa!. The 
correlation between the two can probably throw some light on the reaction 
mechanism in the flame. The possibility that the noise comes from the dilution 
apparatus cannot be completely excluded. Too much weight should therefore 
not be placed on the relation shown in fig. 5.4. 
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6. ELECTRONIC EQUIPMENT 

6.1. Compensation of the zero current 

If the variation in the current caused by an extra component in the inert gas 
is to be measured accurately, the zero current should be compensated for, so 
that the full scale of the measuring instrument is available for the variation in 
the signa!. One method of compensation which has already been mentioned is 
to use a second detector, through which only the inert gas :fiows (section 2.3). 

This second detector can be replaced by a current or voltage source. The 
minute current produced by the flame is practically always measured by con
verting it into a voltage across a very high resistance. This voltage cannot be 
measured directly by a galvanometer, recording potentiometer, etc., because 
the value of this high resistance far exceeds that of the measuring instrument: 
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Fig. 6.1. Principle of measurement of small currents with the aid of an amplifier whose input 
resistance is large compared to 109 n (fig. B). Figure A shows why the meter of internal 
resistance J05 n cannot be used without an amplifier. The amplifier thus acts as a "resistance 
transformer" . 
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connecting the latter in parallel with the resistance would reduce its effective 
value too much. An amplifier is therefore connected between the two. This 
keeps the voltage the same, but reduces the resistance across which this voltage 
is produced (fig. 6.1). 

The zero current can be compensated either at the input or at the output of 
the amplifier. Compensation at the input has the advantage that the amplifier 
does not have to deal with the zero current at all, so that the whole amplification 
range is available for the signal one is interested in. The disadvantage is that 
because of the high resistance, this part of the circuit can very easily pick up 
noise signals (e.g. from the mains). 

Compensation at the output of the amplifier has the advantage that the zero 
current can be measured at the same time as the desired signal. The circuit used 
for this purpose can be connected to all existing equipment without any bother. 
The circuit shown in fig. 6.2 is used in various measurements to avoid having 
to make any alterations to the amplifier. 

22.5V 

1,8" 

100 

s 
lmV 
Rec. 

Fig. 6.2. Compensation circuit between amplifier A and recorder. The amplifier 607) delivers 
J ·0 mA, i.e. 1 m V across l ·O n. An adjustable backing voltage is made available by the 
l ·8 M0-100 n voltage divider. The 100-0 potentiometer used is a ten-turns heli-potentiometer. 
The recording potentiometer can be short-circuited with the aid of the switch S so that its 
zero can be adjusted. A given signal can be "magnified" by switching the recorder 612) on to 
a span of Iess than 1 mV. 

Voltage compensation at the input of the recorder. This is used in most com
mercial equipment, although this principle (fig. 6.3) of using a voltage to com
pensate a current, is not very convenient in practice. When one switches over 
from one of the high-ohmic resistances to another, the zero current stays the 
same, so the zero voltage across the resistance will vary. The compensation 
voltage remains the same, and will thus no longer be equivalent to the new 
zero voltage. In other words, the zero is shifted. 

This fact can even be made use of to measure the zero current without 
knowing the position of the zero of the meter + amplifier (it is, however, 
necessary that the output signa] of the amplifier should not be altered by 
switching the input resistance over when the ftame is not connected in the 
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Fig. 6.3. Circuit for voltage compensation, for use between the (floating) detector D and the 
amplifier A. For a complete circuit, see e.g. Ongkiehong 1705) and Huyten et al. 501). When 
one switches from one resistance to the other, io and Vc do not change, but vo does. The bias 
voltage Vp is provided by batteries. 

circuit; most amplifiers satisfy this condition). lf the zero current is io A and 
the two resistances which can be switched in as desired are Rn and Rm 
(Rn > Rm), then the zero voltage is ioRn and ioRm volt, respectively. If in the 
latter case the zero voltage is compensated so as to give a residual voltage of 
Vi: volt, the compensation voltage Vc will thus be Vx - ioRm volt. After 
switching over to the other resistance, the new residual voltage will be 
ioRn - ioRm + Vx volt. The displacement Ll Vof the zero which is read off on 
the meter will thus be ioRn - ioRm + Vx - Vx volt, i.e.: 

io = Ll V/(Rn - Rm) A. (6.1) 

Representative values are: LIV= 9.10-2 V, Rn = 1010 ohm and Rm = 109 
ohm. The corresponding zero current is thus 10-11 A. This determination, 
which is not normally carried out, is of importance because it gives an indication 
of the presence of dirt in the detector or excessive stripping of the organic 
material in the column. 

It is possible without too much trouble to replace this circuit for voltage 
compensation by one in which the zero does not have to be adjusted when the 
input resistance is switched over. Moreover, the zero current can then be read 
off directly. 

This circuit, for current compensation at the input of the amplifier (fig. 6.4), 
is also found in certain commercial equipment 603, 616). The compensation 
current is determined by the voltage Vc across the resistance Re. This voltage 
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Fig. 6.4. Circuit for current compensation, for use between (earthed) detector D and ampli
fier A. The measuring resistances should be at least 100 x smaller than the 1012 n resistance 
which determines the compeasatioa current. The 250-k!l potentiometer can make tea revolu
tions. R1 is a leak resistance which can occur if the insulation is inadequate. The maximum 
available compensation voltage is 1·35.10-10 A. 

is made variable, so that any zero current can be compensated. The maximum 
compensation current needed for a column with a flame ionization detector 
can be put at 10-10 A. Detectors with radioactive sources need a compensation 
current of about 10-s A (table 2-I). The circuit diagram also shows the values 
of the batteries needed to provide the necessary bias voltage across the detector 
(section 4.4). The leads shown by thick lines are sensitive to external interference. 
They, together with the bias batteries, should therefore be well screened and 
insulated (> 1014 ohm) from earth. The potentiometer is in a low-ohmic circuit 
and does not therefore need to be extremely well insulated (fortunately). If the 
value of Re and the maximum value of Vc are known, the compensation current 
can be determined from the position of the potentiometer. 

The circuit shown can be used with any amplifier which does not have built-in 
batteries for the bias voltage. 

6.2. Indication of injection time and time measurements 

The recording potentiometer should also record the time at which the mixture 
under investigation is injected into the chromatographic column. This can be 
done by fitting the recorder with an electromagnetically operated second pen 
which shifts a few millimetres when an externally operated relay is actuated. If 
this actuation is done by means of a foot switch, both hands are free for the 
injection. The time between two peaks can be determined by measuring the 
distance between them on the recorded chromatogram. This method is not 
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accurate enough for the determination of short times, with the paper speeds 
normally used. An alternative method for use in this case will be described 
below. 

Recording potentiometers without an extra pen can also be made to record 
the time of injection by means of the circuit of fig. 6.5. The capacitor Cis kept 
charged via Ri. The voltage across it, and hence its charge, can be adjusted by 
means of R2. If switch S1 is closed, C discharges through the input resistance Ri 
of the measuring equipment. This is connected in parallel with the much lower 
output resistance Ru of the amplifier. The voltage across Ri and Ru quickly 
rises to the value determined by R2 and then falls off logarithmically with a 
time constant determined by RuC. This time constant (here 0·064 s for Ru = 
1000 Q) is small compared to the time which the pen needs to move to the point 
determined by R2. Before the pen makes the appropriate deflection, the signal 
will already have decreased considerably. The maximum deflection is thus lower. 
The area under the peak thus obtained will always be the same. This can be 
important if this marker peak is recorded on top of a peak whose area is to be 
determined electronically. The correction to be applied will then be constant. 

In order to prevent this circuit, which is connected to the circuit carrying 
the signal to be measured, from picking up interference signals, it is advisable 
to enclose everything in a well-screened box. In the present case, this box is 
placed in the recorder 617) just by the input circuit. The microswitch S1 is 
mechanically operated by means of a foot switch (as supplied with tape record
ers). 

The switch S2 is included in the circuit of fig. 6.5 to allow accurate time 
measurements. This switch is opened and closed together with S1, and controls 
a stop clock 609) via a pulse magnet. The first time a marker pulse is recorded, 
the stop clock is started, and the next time (e.g. when the top of a given peak 

S, ' - '· .J:ci6= Or~• (400V) 

: Magn 

1 + 7 Fig. 6.5. Circuit used for marking 
s 1 instants on the recorder paper. At the 

' 1 0,1µ• (400V) same time as the marking, the pulse 
1 magnet (Magn) can be actuated by the 
1 voltage V ~, to switch a stop doek 609) 

f1
1 on or off. This circuit is designed for an 

+ 
64

"' 1 IR amplifier which produces a signa! of 
(25V) : : u c 1 1 1 m V per 10 n of output resistance. The 

LIJ two O·l-µF capacitors and the 4·7-kO 
1 resistor serve to suppress interference 
: from the pulse magnet in the measuring 
1 circuit. 
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is observed to have been reached) the stop ciock is stopped. A further refinement 
is also possible, by making S2 control the pulse magnets of two stop ciocks, 
so that whenever one stops, the other starts. It is then possible to read off the 
times between successive peaks. 

6.3. Semi-logarithmic atteouation 

The heights of the peaks to be recorded by the potentiometer are often 
completely unknown. It is then difficult to know how to adjust the attenuator 
on the amplifier so that all peaks stay on the paper (i.e. so that no signal which 
exceeds the range of the measuring instrument is produced). The required 
positions of the attenuator should therefore be determined beforehand by a 
trial run. If the different peaks differ very widely in height, e.g. by a factor of 
2000, severa1 trial runs will be needed to ensure that small peaks are not missed. 

Figure 6.6 shows a circuit which can be used for semi-logarithmic attenuation 
of the signa! 600). Peaks which would otherwise be 1000 times too big now 
remain within the range of the recording potentiometer, while the small peaks 
still remain visible. 

The circuit makes use of the second potentiometer wire in the recorder and 
can easily be switched over to normal linear recording. Care should however 
be taken as regards the following point: the signal received by the recording 
potentiometer per scale division varies considerably at semi-logarithmic 
recording. The adjustment of the damping is therefore a compromise. This 
should be done so that the dead band (section 6.4) is not too wide at the lower 
end of the measuring range, and that oscillations are just prevented at the upper 
end (above 85 %). It is then not certain that the damping wil! also be optimum 
fora linear recording. The 100 kQ resistance is therefore adjusted, if necessary, 
until the damping is optimum. 

The RC damping (820 Q and 4000 µF in fig. 6.6) reduces the tendency to 
oscillation. For this reason, among others, sharp peaks will be strongly distorted. 
This does not matter, however, as the only object is to get a rough impression 
of the relative heights of the peaks without going to great expense. 

Potentiometer wire 1 (fig. 6.6B) is divided into 100 equal parts (scale divisions 
of recorder) . Wire 2 can also be imagined to be divided into 100 equal parts. 
The recorder is so designed that the percentage x of the resistance to the left 
of the sliding contact is the same for both wires. The addition of Rv in series 
with the second wire Ra may be regarded as adding a number of scale divisions; 
if Rv = Ra/n, the total resistance is (1 + l/n) times greater, i.e. the number 
of scale divisions may now be regarded as 100 (1 + l/n). It then follows that 
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A' < -~-----
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V; v, 

4000 "' 
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100-l 

B 

1 

' ;-
Rec. 
20mV 

Fig. 6.6A. Circuit for semi-logarithmic attenuation with the aid of a recorder 617) and a 
measuring amplifier 6l3) , The resistance whose ·value is not given must be hosen so that the 
amplifier receives an input signal of 1 mV. Fora 20-mY recorder at a maximum attenuation 
of 21 times (see text), the output signa! of the amplifier must be 420 m V; this is applied across 
a resistance of 420 n. The " black" resistance is the second potentiometer wire in the recorder 
(2700 0). Switching the coupled switches (top right in the figure) to the other position gives 
linear transmission of the signa!. If the output signa! of the amplifier A' is high enough, the meas· 
uring amplifier can be omitted. 

Fig. 6.6B. Principle of the method; 2 = 2nd potentiometer wire in recorder, 1 = measuring 
potentiometer wire; Vret is equal to the measuring range, in this case 20 mY. 

and 

100(1+1/n) - x 
V1 = Vi 

100 (1 + l /n) 

x 
V1 = Vree -

100' 

x(l+ l/n) 
whence Vi Vref 

100(1 + l/n) - x 

For n» 1, 
x 

Vi ,..., Vrer 100-x 

x 
For n = 20, Vi = 1·05 IOS-x Vrer. 

In the circuit of fig . 6.6A, therefore, 

O~ Vi ~21 Vrer for O~x~ lOO. 

(6.2) 
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A certain input voltage Vrer is needed to give full-scale deflection of the recorder 
(x = 100) with linear recording; Vrer thus represents the measuring range of 
the recorder. The maximum extra attenuation for the circuit of fig. 6.6 is thus 
21 times. As an example of the results which can be obtained with tbis circuit, 
figs 6.7A and 6.7B show two chromatograms of the same mixture, with semi
logarithmic and linear recording. By way of comparison, figs 6.7C and 6.7D 
show the linear and logarithmic recordings of this chromatogram, made with 
the aid of a commercially available amplifier 611). In this amplifier a diode is 
used to produce the logarithmic characteristic. The results agree closely with 
those obtained by semi-logarithmic attenuation, as may be seen by comparison 
of the actual and theoretica! scale divisions. The arrows of these scales point 
to the switch-over points for an attenuator with attenuation factors of 3 and 10. 

The circuit can also be seen as one in wbich small peaks are amplified com
pared to the big ones. Figures 6.7E and 6.7F show a comparison between linear 
and semi-logarithmic recording on this point, while comparison between linear 
and logarithmic recording, obtained with the above-mentioned "logarithmic" 
amplifier, is showninfigs 6.7Gand6.7H. lt may be seen thatthe serni-logarithmie 
attenuation is preferable for this purpose. In all the various parts of fig. 6. 7, the 
arrows indicate corresponding points. lt will be seen that the small peaks remain 
or become visible, while the large peaks are kept on the paper. 

Fig. 6.7. Comparison between linear, logarithmic and semi-logarithmic recording of chro
matograms. A mixture of butanol, pentanone, heptane, toluene, butyl acetate, octene 
and various unknown impurities was used for these experiments. The separation took 
place on a 1 % squalane column (see the next pages). 
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6.4. Setting of the recording potentiometer 

A survey of more than 2000 commercially available recording potentiometers 
has been published by Nelson 615). Daneman and Talbot 606) and Daneman 
and Ross 605) have discussed the various important parameters of these 
instruments. Details about the setting and operation are given by most manu
facturers 608, 614, 617). 

Some recording potentiometers have two control knobs, one for varying the 
amplification factor ("volume control") and the other for the RC damping. 
In other models, where a tachogenerator is used for the damping, only one 
control knob is found. In the first type, the two adjustments are interdependent. 

These knobs must be adjusted, starting with the "volume control'', so that 
the <lead band is not too wide and that no overshoot occurs. Figure 6.8A shows 
how a square-wave signa! looks with the correct adjustment, and fig. 6.8B shows 
the result of a too "slow" adjustment. Peaks which reach their maximum height 
in less than the O· 3 and 0·6 s given in this figure will be distorted, i.e. the peak 
height will decrease and the times of rise will increase to the values mentioned 
above. 

0.3• 08' 

A 

B 

Fig. 6.8A. Proper adjustment of a recording potentiometer for a step signa!. This is obtained 
by not quite compensating the zero current of the detector. When the attenuator of the 
amplifier is switched over, a step function is produced. Switching over the input resistance of 
the amplifier does not in genera! produce a signa! with a fall or rise time small compared to 
that of the recorder. 
Fig. 6.88. Too "slow" setting; notice the disappearance of the small overshoot peaks which 
may be seen in fig. A and the "creeping" of the pen. The dead band (not shown here) is 
also wider. 
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The circuit shown in fig. 6.9 is used to produce a variable step signal. The 
possibility of short-circuiting the recorder is made use of to see how the Jatter 
behaves when its input resistance is reduced. In genera}, oscillations will then 
be produced. It may be remarked that in this apparatus R2 forms the resistance 
connected across the input of equipment to be tested. When one switches over 
to the measuring circuit, the resistance across the recorder should then have the 
same value as R2. 

Thompson 621) and Roske and Fuller 404) have described a circuit for 
simulating a peak and making various adjustments to the recorder. 

22,:iV S, 
.---~~~~~-1f±---

Rec. 

Fig. 6.9. Circuit for testing the measuring range of recording potentiometers and for adjusting 
the dead band (by opening and closing S1); S2 can be used to change the polarity of the voltage, 
and S4 for short-circuiting the recorder. The 1000-n heli-potentiometer ensures that every 
voltage within the measuring range can be chosen. The other potentiometers are for calibration 
of the spans. R1 can be used to correct for drop in the voltage supplied by the battery (which 
can be tested for by M). 

6.5. Possible circuits for the flame ionization detector 

Figure 6.10 shows the various ways in which a fl.ame ionization detector can 
be connected to the batteries providing the bias voltage and a high-ohmic 
measuring resistance. The leak resistances which may occur are shown in broken 
lines. These will cause trouble if they can give rise to a current through the 
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measuring resistance which does not come from the flame (these leak resistances 
are left white). Designs Band E are the best in this respect. A disadvantage is 
that the burner in B must be made "floating" (i.e. not earthed), to prevent 
short-circuiting of the battery. A "floating" burner is supplied by 602), among 
other firms. 

A leak resistance can also have an undesirable effect by reducing the effective 
value of the measuring resistance ("stippled" resistances), as in B. Design E is 
thus to be preferred. 

If no floating (non-earthed) burner is available, circuit D is to be preferred. 

A 

r•1 
1 1 
1 1 
1 1 
1 1 

LTJ 

1 

1 

1 

1 

1 

' .J.., r.J::J 

r 1 ~ itJ 
F 

Fig. 6.10. Sketch of the various possible ways of connecting the burner, collector electrode, 
battery and measuring resistance (the latter forming a part of the amplifier). The circuit can 
be arranged so that the burner mouth is floating (B, C, E, F), the collector electrode (A, B, 
D, E), the bias battery (A, F) or the amplifier (C, D). Circuit E is to be preferred. Circuit A 
is often used for practical reasons, although D is somewhat better. Circuits B, C and F give 
worse results with the same components. 
The resistances shown by broken lines occur if the insulation is insufficient. They cause either 
an extra current through the measuring resistance (these are left white) or a decrease in the 
effective value of this resistance (stippled). 

The leak resistance shown in this circuit is easily prevented, since insulation of 
the collector electrode does not offer any practical problems. However, D needs 
a "floating" amplifier, which is supplied by few firms 622). 

If only an earthed burner mouth and amplifier are available, A is the only 
possibility. Circuits B, C and F are always worse than the other possible com
binations of the same components. Designs A and D were tested. No difference 
was observed between them; in both cases, the insulation was in good condition. 
Some workers and some manufacturers appear to have a preference for "float-
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ing" burners. This preference is understandable if circuit E is used, although it 
remains a problem to provide sufficient insulation for the burner. 

Some amplifiers have a third connection, "guard" connection. The amplifier 
keeps this at the same voltage as one of the other two electrodes. Leak currents 
between the guard and this electrode due to insufficient insulation, will not then 
occur, since there is no voltage difference present. This connection is not 
normally made use of with the burner, since the Jatter is not provided with such 
a guard electrode. As mentioned above (see fig. 1.5), a design was tried in which 
a screen electrode was placed round the rod-shaped electrode, in combination 
with a "floating" amplifier. This was found to give a slight improvement in the 
noise, particularly at higher temperatures. In fact, this voltage-feedback principle 
can be made further use of in the measurement, as described by Middlehurst 
and Kennett 1803). 

6.6. Tracking down faults 

Errors which are blamed on the electronic equipment are often found later 
to be due to some other part of the apparatus. The biggest trouble is caused by 
too large a dead band in the recording potentiometer and too much noise. 

The first point has been discussed in section 6.4. If the optimum setting 
described there cannot be attained, poor or incorrect earthing can lead to the 
recording potentiometer picking up too much interference. Decoupling of the 
signa! leads at the input of the recorder will solve this problem. 

Too much noise is often found to be due to the column. as a result of 
the high zero current (section 2.3). A suspicion that this is the cause of the 
trouble can be checked by measurement of this zero current. Decoupling of the 
connection between the detector and the amplifier at the amplifier side will show 
whether the amplifier is the guilty party. Observation of the zero current after 
the flame has been blown out will teil whether the fault is due to poor insulation 
in the detector. A definite answer to the question as to whether the column must 
be held responsible for the excessive noise can be obtained by stopping the flow 
of gas through it for a moment and observing whether this causes a reduction 
in the noise. Too much noise is also sometimes found to be caused by a slight 
leak in the silicone rubber of the injection piece. This is probably due to the 
building up of a slight excess pressure, which is then "blown off" through the 
leak, built up again, and so on. In some detector designs, short-circuiting 
between the burner mouth and the collector electrode is sometimes possible. 
In some cases, the noise was found to come from the batteries, even though 
they were fully charged. 

It is therefore advisable to replace the batteries which provide this bias for 
the fl.ame once a year. lt is also a good idea to give the flame ionization detector 
a thorough clean (scour) once in a while. The tracking down of faults in one 
particular apparatus is discussed by Johnston 610). 
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6.7. Amplifier 
As has been stated, this can be regarded as an impedance transformer, the 

input and output voltages being the same, but the resistance across which these 
voltages appear differing by a factor of up to 1010. A voltage divider (attenuator) 
is connected at the output of the amplifier, to ensure that the output voltage 
does not exceed a certain maximum value after all, even when the input voltage 
varies widely. This maximum value must be equal to the span of the recorder. 
If this range is in fact n times smaller, the amplification factor of the whole 
combination appears to be n times larger. Conditions which must be satisfied 
by the amplifier are forwarded by Halász and Schreyer 1793). 

The dynamic range of the amplifier is the ratio of the largest signa! at which 
there is still a linear relation between input and output voltage, and the noise; 
see the analogous definition for detectors, fig. 2.1. With a noise of 10 µ V, the 
maximum signa! which satisfies this condition is 1000, 2000 or 3000 mV, 
depending on the make of the amplifier. The dynamic range is thus 105, 2.105 
or 3.105, respectively, i.e. less than that of the fiame ionization detector! If the 
read-out system (e.g. electronic integrator) has a dynamic range corresponding 
to that of the ftame ionization detector then the amplifier is the factor limiting 
the use of the dynamic range of the flame. The amplifier should therefore 
preferably also be given as wide a dynamic range as possible. Another advantage 
of this is that the switching over of the high-ohmic input resistance of the 
amplifier will then be reduced to a minimum. 

This has certain advantages. The value of this resistance is only known to an 
accuracy of ± 1 %, even if precision resistors are used; the temperature 
coefficient is 0·05 %/°C 623). If one wishes to make measurements with an 
accuracy of 0· 1 %, this input resistance must be thermostatted; this is not done 
in any commercial apparatus. Moreover, the situation is often even worse than 
this in the commercial equipment, because resistors with a tolerance of ± 20 % 
are aften used instead of precision resistors. F or accurate measurements, which 
are quite possible with a :flame ionization detector, the built-in resistors should 
therefore be replaced. The observations described in this thesis were all made 
with resistors in the 1 %-tolerance class at the input of the amplifiers used. 

The normal amplifiers (in combination with a recorder) give a noise of 10 µ V 
at a dynamic range of at least 105. Amplifiers with a noise of e.g. 0· 1 µ V and 
the same dynamic range, which are not (yet) available, would be preferable. 
The first important factor, the dynamic range, is the same in both cases, but the 
input resistance can now be made 100 times smaller. The minimum value of this 
resistance must be such that the noise from the ftame across it is greater than 
the noise from the amplifier (this choice is possible because the amplifier 
produces voltage noise, and the :flame charge noise or current noise). For an 
amplifier noise of 10 µ V and a current noise of 10-14 A, the input resistance 
must thus be at least 1011 ohm. If a column is connected in front of the detector, 
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the current noise becomes e.g. 10-12 A, and an input resistance of 109 ohm will 
do. Tbis naturally holds for the output attenuator of the amplifier at minimum 
attenuation, since this attenuates the signa! as well as the noise produced at the 
input of the amplifier. If the noise from the amplifier were only O· l µ V, the 
resistor could be 100 times smaller, i.e. 109 and 107 ohm, respectively. The 
insulation problems would then be less. 

Moreover, the time constant for the whole amplifier would then be smaller. 
As stated in section 2.5, this depends linearly (up to a certain value) on this 
input resistance. With an input resistance of 107 ohm and a cable capacitance 
of 100 pF, the time constant of the RC circuit would be only 1 millisecond, 
which is of the same order of magnitude as that of the flame ionization detector. 
As mentioned in section 2.5, it is preferable to make this time constant variable 
so that it can be adjusted to match various peak widths. A time constant which 
varies linearly with the time after injection (as indicated by eq. (2.1)) is naturally 
the best, but is not commercially available. 

In practice, an amplifier with current compensation is much to be preferred 
to one with voltage compensation (section 6.1). Ifapparatus with a small time 
constant (fast recorder, oscilloscope, integrator) is connected to the output of 
the amplifier, care should be taken that the amplifier does not produce any hum 
(50 c/s signa!). This does not have any effect on normal recording potentiom
eters with a time constant of 1 s, but it does on this fast equipment. 

There are amplifiers described in the literature for use in gas chromatography, 
see e.g. Böhm 604) and Smith 620). Littlewood 1114) bas given a survey of a 
number of circuits. An automatic attenuator can be used to increase the dynamic 
range, see e.g. Baumann et al. 601). The two types of amplifiers (which may or 
may not be transistorized) which are used, those with a vibrating reed and these . 
with an electrometer tube at the input, seem to be more or less equivalent for 
this purpose. For very small time constants an amplifier with electrometer 
tube is to be preferred, while for use with an oscilloscope or electronic inte
grator the amplifier with vibrating reed and electrometer tube may be at 
a disadvantage. lts output signa! contains an a.c. component with a frequency 
equal to that of the vibrating reed, to which the above-mentioned equipment 
can react. 
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7. DETECTION WITH AUTOMATIC NITROGEN 

7.1. Survey 

In some of the detectors described in chapter 1, an organic molecule is ionized 
either by a metastable argon atom or, after breakdown to the CH radical, by 
an oxygen atom. The heat of reaction produced in this Jatter case proves to 
bring the CH radical to ionization. Naturally, the result of the ionization, a 
current in the external circuit, is the same for all molecules and fragments. 

Atomie nitrogen, like argon, can exist in a metastable state, but its energy 
is not enough to ionize the majority of organic molecules. It does react with 
organic compounds, but this does not lead to appreciable (chemi-)ionization, 
because the particles formed have too high an ionization potential. 

Excitation, which requires less energy, is however produced. During excita
tion an electron from the fragment is brought to a higher energy level. It will 
then fall back from the excited state to the ground level with emission or 
radiation. The wavelength of this light is characteristic of the fragment which 
produced it. 

These excitation phenomena may be observed in a fl.ame. The emission of 
light by flames has been studied in great detail, as mentioned in sections 1.10.2 
and 1.11. The dissociation energy of nitrogen is 4·65 eV higher than that of 
oxygen (5· 1 eV). Reactions involving excitation by atomie nitrogen therefore 
play a negligible role in flames. 

The situation becomes different in an electrical discharge. The temperatures 
occurring here are much higher than in a flame, so that more atomie nitrogen 
is formed; the same result can be obtained in a high-frequency discharge, see 
e.g. Broida and Golden 705). 

Some of the detectors described in sections 1.6 and 1.11 use a discharge to 
produce metastable inert-gas atoms. 

One detector of this type which has not yet been mentioned is described by 
Karmen and Bowman 718). They produce a d.c. discharge in a He or Ar atmos
phere by applying 2000 V across a cell (e.g. that of fig . 1.1). The presence of 
traces of an organic compound in the inert gas gives rise to a change in 
the voltage which is measurable without amplification. Oxygen (and argon 
in a helium atmosphere) gives the same effect. Here too, a high-frequency 
discharge can be used to produce the excited atoms 717). 

Sternberg and Poulson 738) use a (glow) discharge, but do not measure the 
change in voltage or current; they measure the luminous intensity with a CdS 
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cell. This and the colour of the discharge change when an impurity is introduced 
into the cell. They mention that this process can be combined with a similar 
cell in which the current is simultaneously measured by means of two electrodes 
placed in the discharge. With organic compounds, they observed that some of 
the light emitted was due to the C2 radical. Nitrogen could only be used as 
carrier gas at reduced pressure (350 mm). Sternberg and Kajzer 739) describe 
a method in which the aqueous solution under investigation acts as one of the 
electrodes, see also West and Hume 752). This principle might well offer possi
bilities in liquid-liquid chromatography. 

The emission of light by organic compounds in a glow discharge bas been 
described in detail by Schüler 735, 736). He observed light from OH, C2, CH, 
CO and CN in the spectrum. An interesting point is that by choosing "mild" 
discharge conditions, one can prevent the total breakdown of the organic 
compound. The large fragments remaining emit a spectrum which is specific 
for a group of substances. This thus opens possibilities of qualitative analysis. 

Low-pressure discharges which do not offer this possibility of qualitative 
analysis have been described as detectors in gas chromatography by Basson et 
al. 701 ), Pitkethly 730), Riley 731) and Harley and Pretorius 714). 

These all share the disadvantage that they are only linear in a limited range, 
and that the detection limit is higher than that of the flame ionization detector. 
Naturally, the fact that a vacuum has to be maintained is a practical dis
advantage, the more so as the gas current to be measured has to pass through 
this vacuum. Other problems, such as sensitivity to pressure variations and wall 
effects, have not yet been solved. Further development of this type of detector 
is not out of the question. 

7.2. Atomie nitrogen 

This was first described in 1911 in a series of articles by Strutt 740, 741). He 
observed that nitrogen in a discharge gave a prolonged "afterglow", which 
could be quenched by the addition of oxygen, and during which violent and 
colourful reactions occurred with some substances. Iodine, HCN gas and many 
organic compounds gave a blue "flame". He also stated that the blue light pro
duced by mixing the active nitrogen with an organic compound carne mainly 
from the cyanogen radical (strongest emission at 3883 Á). He also observed 
stimulated emission of light from metal atoms (e.g. sodium). 

Mannella 723) has given a good summary of many facets of atomie nitrogen 
in a recent review article. In agreement with what has been said above, he states 
that atomie nitrogen can be prepared by a radioactive source, or by a discharge 
(are, spark, glow, HF, etc.). The long life of atomie nitrogen appears from the 
afterglow which is produced when it recombines. This can last for hours at low 
pressures and for seconds in sufficiently pure nitrogen at atmospheric pressure. 
With sufficient cooling, even solid atomie nitrogen can be obtained. Because 
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of its long life, atomie nitrogen can be transported. The production and reaction 
spaces can therefore be separated. In the reaction space a sort of ftame, the 
"atomie ftame" is produced at the point where the reactants are mixed. The 
reaction with organic compounds, C2H4 in this case, is used to determine the 
amount of atomie nitrogen in molecular nitrogen by measurement of the light 
from the CN radicals produced. Remarkably enough CO, which has a higher 
dissociation energy than CN, appears to be able to form this radical. The author 
remarks that the rate of the reaction between N and an organic compound is 
high and depends on the nature of the compound. With metbane, an induction 
effect is found, i.e. the cyanogen radical is not formed until a certain amount of 
CH4 is present, see also Gartaganis and Winkler 712) and Zabolotny and Ges
ser 748). The first pair of authors also mention that with a given amount of 
added hydrogen, the HCN yield is directly proportional to the methane con
centration. 

Winkler has done a lot of experimental work on atomie nitrogen, see e.g. 
ref. 745. He found that the production of CN stops when all the Nis used up. 
The activation energy for reaction with the lower alkanes is low (less than 
0·5 eV), and still lower for the higher alkanes. For propane, which gives a 
40 % yield of HCN, the following reaction mechanism bas been proposed: 

CaHs + N-+ CaH1N + H 

CaH1N-+ H + HCN + C2Hs 

C2Hs + N -+ HCN + CHa + H 

CHa + N -+ HCN + 2H. 

(7.1) 

The induction effect mentioned above could then be explained by assuming 
that the reactions 

H+CaHs-+ CaH1 + H2 
and (7.2) 

NH2 + CaHs-+ CaH1 + NHa 

occur more easily than those between N and C3Hs. The addition of hydrogen 
would increase the yield of the reaction at low C3H8 concentrations. 

Too much hydrogen has an adverse effect because the reactions 

N + H-+ NH 
and (7.3) 

2 NH-+ N2 + Hz 

would then occur. The reaction between NH and CaHs is energetically less 
favourable than that between N and C3Hs, since the dissociation energies of 
NH, NH2 and NHa are 4·0,3·5 and 4·5 eV, respectively. The authors also 
mention that the reaction yield increases with the temperature. 
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Dewhurst 707) has quantitatively estimated the reaction products of N with 
various organic substances by gas chromatography. For most of the substances 
investigated the yield lies between 5 and 30 %. The reactions were carried out 
at low pressure. 

Phillips 729) has studied the stimulated emission of metal atoms. 
cludes that one of the mechanisms leading to this is 

N + N --)>- N2* ~ 
N2* + PbClz --)>- PbCl * + Cl + N2 

PbCl* --)>- PbCI + light quantum. 

7 .3. The cyanogen radical 

He con-

(7.4) 

Details of the spectrum of the light emitted by the cyanogen radical may be 
found in Pearse and Gaydon 728). This spectrum contains a "red system" and 
a "violet system". The first extends from 4373·8 to 15050 A, and the second 
has band heads at 3690·4, 3883·4, 4216·0 and 4606· l A. Unlike the red system, 
the violet system always occurs; itis in any case more intense than the red sys
tem, and has maximum emission at 3883·4 A. 

In a discharge in a gaseous mixture containing C, N2 and 02, the most 
important spectral lines in the neighbourhood of 3880 A are at 3893· 1 (CO), 
3871·4 (CN), 3871 ·1 (CH), 3889·2 (N2) and 3884·3 A (N2+). 

The spectra of a carbon are in air, where CN is naturally formed have been 
studied very thoroughly in connection with emission spectrography, see e.g. 
Young et al. 747), Roes 732) and Roes and Smit 733). The emission of cyanogen 
light can be prevented by carrying out the discharge between the carbon rods 
in an atmosphere which does not contain nitrogen, see e.g. Kingsbury and 
Temple 721) and Margoshes and Scribner 724). 

Kiess and Broida 720) work with an atomie flame. The atomie nitrogen is 
formed in a high-frequency discharge and mixed with the organic substance a 
short distance from the discharge. They find it possible to draw conclusions 
about the nature of the organic vapour from the cyanogen spectrum: the cya
nogen radical is formed in the activated state, and then emits the "red" light. The 
"blue'; light is produced by further activation after formation (activation energy 
only 3·2 eV). The intensity of the red spectrum is thus partly dependent on the 
nature of substance from which the CN is formed, and that of the blue spectrum 
on the reaction conditions. If the Jatter are kept constant, the ratio of the 
intensities of two suitable lines in the spectrum (one from each system) is an 
indication to the nature of the compound. For example, in halogenated organic 
compounds they can tell the difference between the four halogens. This only 
works satisfactorily at low pressures (they work up to max. 40 mm Hg). The 
intensity of the red light decreases at higher pressures because the excited radical 
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may then be further excited, so that it emits light of a shorter wavelength. 
According to Broida and Golden 705), at 1 mm Hg 106 collisions occur per 
second, while the life of the excited state is 10-s to 10-7 s. This explains why 
excitation is more likely to occur than de-excitation at high pressures. The inten
sity of the CN light at 3883 A also depends on the nature of the substance 743). 
Kiess and Broida 719) give some figures about this at a pressure of 4 mm Hg. 
Most emission is caused by halogenated compounds (CHCla and CCl4, 
etc.), and the least by compounds containing a lot of hydrogen (CH4, C2H6 
etc.). Compounds with a triple bond (like C2H2) also give a lot of light. The 
relative intensities for the three types of compounds are 200 to 1000, 
5 to 10, and 500, respectively. On this sèale CO comes at 30. It will be clear 
that the ease with which a nitrogen atom can be captured plays an important 
role. At high pressures this will probably not come so much to the fore because 
the number of collisions is greater. 

7.4. Determination of C, C02 and N2 

The light produced by the cyanogen radical can be used to determine carbon 
and nitrogen. For example, Dennen 706) determines carbon in rocks by liberating 
it as CO and/or C02 in a d.c . are, after which CN is formed by reaction with 
the nitrogen present. The detection limit for carbon is O· I %- The possibility 
of determining carbon with an a.c. are has been touched on by Wiberley and 
Richtol 744). Mathieu and Hans 725) mention in a review article the possibility 
of determining 02 and N2 in steel by converting them to CO and CN and 
measuring the emission of light from these substances. The determination of 
nitrogen in organic compounds with the aid of an oxygen/hydrogen flame is 
described by Homma and Smith 716). In the flame, only the nitrogen in the 
organic compound forms CN (the atmospheric nitrogen does not thus interfere 
with the determination). This method was tested with 65 substances and was 
found to work best when the nitrogen content lies between O· l and 15 %
They also measured at 3883 A. 

Naturally, the luminous intensity of the elements carbon, nitrogen and 
oxygen can also be measured. For example, Harvey and Mellichamp 71 5) 
measured the (not very strong) carbon lines at 3876-2, 3920·7, 4074·5 and 
4267·0 A. Romand et al. 734) measured oxygen at 760 and 790 A, and nitrogen 
at 765· 14 A. In order to prevent absorption of the radiation by the air, they 
had to work in vacuo. The detection limit is 0·0002 % for the titanium samples 
used. Wijnen and Van Tiggelen 746) measured nitrogen at 3159·3 A, and CO 
at 3127 A. Scribner and Mulligan 737) used a glow discharge for the excitation. 
Fassel 709 , 710) determined oxygen by measuring the relative intensities of two 
lines (one of oxygen, one of argon) round about 7770 A in an argon atmosphere. 
Another possibility is followed by Krauss and Prugger 722), who measure the 
absorption of oxygen at 1440 A. 
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7.5. Cyanogen detector for gas chromatography 

It will also be possible to convert the organic compounds in the carrier gas 
coming from the column in to cyanogen, and the light emitted by these cyanogen 
radicals can probably be used for the quantitative determination of these 
components. As has been mentioned above, the cyanogen yield is high, and the 
emission of light will also be high because the activation energy required is low. 
The number of C atoms producing a photon in this way may thus be expected 
to be large compared to the number which produce a photon directly. 

In this detector the zero signal is produced by the emission of light by other 
elements in the spectra! range under observation. The noise can be caused by 
fluctuations in the discharge conditions. If a narrow spectra] band is used, 
together with an atmosphere which is as pure as possible, it may well be 
possible to reduce both dark signal and noise to zero. 

As regards the reaction conditions, two possible cases may be distinguished. 
In the one case, the reaction space where the atomie nitrogen is produced is 
separated from that where the cyanogen is formed. An atomie flame is then 
produced 726 • 711). If one works at atmospheric pressure the amount of atomie 
nitrogen which reaches the second reaction space is quite small, since the life 
of atomie nitrogen at high pressure is not long. At low pressures this problem 
will not arise, but then another practical problem is found, namely that of 
keeping the pressure constant. Working at low pressure can however also have 
the advantage that information can be obtained about the nature of the organic 
compound involved. 

An advantage of separate reaction spaces is that the conditions in them can 
be controlled better: the discharge producing the atomie nitrogen could be 
disturbed by the presence of the substances which have to react with the 
nitrogen. The discharge current was found to decrease from 30 mA to a mini
mum of 20 mA, depending on the amount of carbon in the discharge. Stabiliza
tion of the current is therefore required, but this was not used in the detector 
to be described. 

Separate reaction spaces will thus give better results, but also give more 
practical difficulties. The experiments to be described here were therefore 
carried out with a single reaction space. The experiments where also restricted 
to near atmospheric pressure; in any case, this would seem to be an essential 
condition if the method is to be used for gas chromatography, to avoid operating 
difficulties. 

The detector designs shown in fig. 7.1 were tested. In each case, the reaction 
zone was shut off from the outside air by means of 0-rings. Design 1 was tried 
with the discharge normally used in emission-spectrography analysis (fig. 7.2a), 
the h.t. spark. The energy of the alternating voltage is here stored up fora short 
time and then used for the discharge. The electrodes get quite considerably 
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Fig. 7.1. Eleètrode designs used for the cyanogen detector. The principle used in design 3 was 
found to give the highest lwninous output. The "wandering" of the discharge was prevented 
as far as possible by the design shown in fig. 7.3, which may be regarded as an improvement 
on design 3 above. 

heated in this process, and electrode material evaporates. This is desirable in 
emission spectrography, because the electrode material is under investigation 
there. For gas chromatography, however, the gas mixture must be investigated, 
and the evaporation of electrode material avoided. The energy of the spark 
should therefore be dissipated in the gas. Light emission from other sources 
than the cyanogen (e.g. the electrode material) is hindered in this way. The much 
simpler circuit of fig. 7.2b was therefore used. Ata later stage, the "expensive" 
h.f. transformer used in this circuit was replaced by a transformer of the type 
used for the ignition of a large number of fluorescent lamps. This was found to 
give 35 mA instead of the 25 mA obtained with the transformer previously used; 
the results obtained were consequently improved. However, nearly all the 
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Fig. 7.2a. Circuit for generatiog a discharge between the electrodes drawn at the right side of 
the figure. This circuit is frequently used in emission spectroscopy. The components are 
available from Hilger and Watts, England. 
b. Circuit giving much better results with the cyanogen detector. Alternatively a transformer 
as used for switching on TL illwnination can be successfully applied. 
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observations had already been made by then, using the more expensive trans
former. 

The stability of the discharge was insufficient with design 1. The design 2 
shown in fig. 7.1 was therefore tried. The thin copper wires set in the top of 
the silver electrode attract the discharge, but owing to the strong heating the 
life of these wires was short. In tbis design the gas mixture under investigation 
was passed through the discharge, while in 1 the organic compound had to 
reach the discharge by diffusion. The luminous efficiency was therefore greater 
in design 2. Designs 3 and 4 represent further attempts to stabilize the discharge. 
In 3 this is done by making the electrodes pointed. Here again the gas is passed 
through the discharge. The instability (which as always could be observedwith 
the naked eye) was still considerable: the discharge kept on attaching another 
point on the electrode, apparently being "blown" from place to place by the 
gas mixture. In design 4, where the gas mixture was led in at various points 
along the circumference and led out centrally, the stability was somewhat 
higher, but the luminous intensity for a given amount of C3Hs was less. 

It was therefore decided to use a modification of the design 3 shown in 
fig. 7 .1, the wandering of the discharge here being prevented by covering the 
sides of the electrode with an insulator so that the discharge could not rest here, 
instead of making them pointed. Quartz proved to be suitable as the insulator, 
and <lid not emit any light. The result was the construction sbown in fig. 7.3. 

The active detection volume, with a diameter of 1 mm and a Iength of 4 mm, 
is only 3·2 µ.!, which is small fora gas-chromatography detector (the advantages 
of this have been discussed in section 2.5). The quartz tube was made partially 
matt (shown stippled in fig. 7.3) in order to hinder emission of light from round 

mn Qu ru ~ Cu • Araldite • Sold. (hard) • Kms 

o 2 4 6 e 10 12 14 16 ie 20 mm 

Fig. 7.3. Electrode construction used for measurements, in combination with circuit 7.2b. 
Compressed air was used for cooling. The detection volume is only 3·2 µ [. In order to prevent 
emission of light from round the electrodes from interfering with the observations, the quartz 
tube was partially ground to a matt finish, or painted black. 
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the electrodes, since this was found to make an undesirable contribution in the 
spectra! region under observation. 

Slow :fiuctuations were found to occur in the zero light from the discharge. 
This was blamed on temperature variations in the discharge (section 7.3) which 
influence the yields of cyanogen. The electrodes were therefore cooled with com
pressed air. In agreement with the literature, this was found to decrease the 
luminous output per C atom. The advantage of the suppression of the slow 
variations in the zero light outweighed this, however. The rapid fluctuations, 
on the other hand, were found to increase. Improved thermostatting would 
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Fig. 7.5. Voltage divider (1 % resistors) with compensation circuit for zero signaL The zero 
was chosen at 100 on the recorder 742), because the photomultiplier tube gives a negative 
signa!; the recording thus ran from 100 to 0 instead from 0 to 100. 
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probably help here. Silver was used for the electrode. Tests showed that this 
gave a stable discharge. 

One disadvantage of this construction was that the quartz facing slowly but · 
surely got dirty. lt was possible to use the detection cell continuously for 
5 working days before it had to be renewed. 

The light from the discharge cell was focussed by means of a 5·5-cm quartz 
lens on the collimator of a monochromator 749). The monochromatic light was 
converted into a current by means of a photomultiplier tube with quartz win
dow 708). The holder for this tube is shown in fig. 7.4. The voltage divider for 
the photomultiplier was built up entirely of 120-H2 resistors, apart from that 
between the photocathode and the first dynode, which was 220 kQ. The 
voltage supply for the tube was taken from a 5000 V h.t. unit 700). The anode 
signa! was recorded after attenuation by the voltage divider shown in fig. 7.5 
and compensation of the zero current. 

The linearity measurements were made. with the logarithmic diluter described 
in chapter 4. The wavelength of the monochromator was varied by means of 
a reversible d.c. motor with a stabilized power supply. 

The nitrogen was freed from oxygen by passing it over a BTS catalyst 750) 

and molecular sieve 5 A 751). The complete equipment therefore comprised 
the following items: cylinder of pure nitrogen, BTS catalyst, molecular sieve 
5 A, injection piece + logarithmic diluter (fig. 4.4A), detection cell (fig. 7.3), 
quartz lens, monochromator 749), photomultiplier 708) (fig. 7.4), h.t. supply 
unit 700), attenuator (fig. 7.5), recording potentiometer 742), power supply for 
discharge cell (fig. 7.2b). 

7.6. Results 

In preliminary experiments, the spectrum of the discharge was photographed. 
This confirmed that under the reaction conditions used, most cyanogen light was 
emitted in the region of 3883 A. This may be seen from fig. 7.6, which shows 
the spectrum recorded with the apparatus described above. It should be pointed 
out that the intensities at different wavelengths are not really comparable, as 
the photomultiplier will not have the same sensitivity for all wavelengths. It is 
striking that the addition of propane to the nitrogen results not only in the 
emission of cyanogen light but also in a reduction of the intensity (even the 
disappearance) of some of the nitrogen lines. The great effect of the addition 
of JO% hydrogen is also apparent. Figure D shows the effect of propane in the 
region of the spectrum from 3800 to 3900 A. This region was continuously 
scanned to and fro, while the amount of propane supplied by the logarithmic 
diluter steadily decreased. 

The zero light at the wavelengths of interest was decreased by the addition 
of hydrogen, but so was the cyanogen light. Probably the addition of a certain 
amount of hydro gen wil! give an optimum ratio of the signa! fora given amount 
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Fig. 7 .6 D. Spectrum (scanned to and fro in the range 3800-3900 Á) of nitrogen with logarith
mically decreasing propane concentration. 

It may be seen that the 3801-A nitrogen line changes in intensity with the propane concen
tration (as indicated by the 3883-A line), particularly at higher concentrations. 

of propane to the zero light. The noise in the zero light was found to be a few 
per cent. According to eq. (7.2), the output of cyanogen light should increase on 
addition of hydrogen, because C3Hs is more easily dissociated by atomie 
hydrogen. The zero light decreases because Nis lost by reaction to NH. Prob
ably N2+, which emits at 3884·3 A, is also lost by reaction with H or H2. 

Other gases were also injected (one at a time) into the logarithrnic dilution 
vessel together with propane; the relative concentrations of the tbird gas and 
propane were thus constant during a single run. Various amounts of argon, 
helium and air were tried. The first two had no effect, but the air (i.e. the oxygen 
in it) reduced the cyanogen light to practically zero. The colour of the discbarge, 
which is pink with pure nitrogen, became bluish. Probably oxygen could also 
be determined in this way by measurement at a suitable wavelength. This 
quenching is due to the reaction of the atomie nitrogen with 0 or 02 to give 
NO. 

The influence of the discharge current is shown in fig. 7.7. The higher the 
current, the stronger the signa!. It is striking that the "saturation" 745) of the 
detector always occurs at the same propane concentration, regardless of the 
current. This concentration (about 0·5 %) is in agreement witb the number of 
nitrogen atoms available. Ata temperature of 5500 °K the discharge contains 
about 3 % atomie nitrogen 732). This means that max. 1 % of the propane can 
react to give cyanogen. 

The breaks in the curve at 1ower concentrations occur at the same signa! value, 
regardless of the current. This could be due to the induction effect mentioned 
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Fig. 7.7. In.fiueoce of the discharge current on the linearity of the cyaoogen detector. The 
conclusion is that the largest possible current is to be preferred. 
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in section 7.3. The liberation of hydrogen from the propane needs time to "get 
going". Once a certain amount of hydrogen has been liberated, this can catalyze 
further dehydrogenation. The first step will thusinitially limit the reaction velocity. 

To check this, hydrogen was added to the nitrogen. The signal produced then 
became smaller (see fig . 7.60), but the breaks in the curve at low concentrations 
disappeared. The slope of the line was found to be strongly dependent on the 
amount of hydrogen added. The impression was received that the addition of 
a suitable amount of hydrogen would give a linear relation (n = 1) between 
signa! and concentration with a dynamic range of at least 100. 

The influence of the pressure in the detector on the Iinearity was also checked. 
For this purpose, a narrow capillary was attached to the output of the detector 
so that a back pressure was built up by the flow of gas. In fig. 7.8 the pressure 
is given in cm of water column above barometric pressure B. It is found that 
the system gave a stronger signa! at lower pressures. 

The influence of the gas flow rate is shown in fig. 7.9. It-may be seen from here 
that n approaches unity at high flow rates. At low flow rates the signa! is 
appreciably smaller. The transit time through the detector varies from 5 to 
30 rus in the velocity range shown. A spark passes every 10 ms. The difference 
could be explained by assuming that hydrogen left over from the "products" 
of a previous spark either increases the signa! by reducing the induction effect 
or decreases the signa! by capturing atomie nitrogen. The latter will predominate 
if more hydrogen is produced, i.e. at low gas flow rates. This demonstrates 
clearly that this type of detector can be used for analyses of well-defined, short 
duration. The various effects mentioned above will cause n to assume various 
values. 

If the volume of the detection cell was doubled , thus doubling the transit 
time, it was found that the gas flow rate also had to be doubled in order to give 
the same value of n. It was also found that the signa! at which the detector 
became saturated was twice as much as before. This is in agreement with the 
above, since twice as much atomie nitrogen could now be formed. 

In order to demonstrate the possibility of using ihis detector for gas chromato
graphy, fig. 7. IOA shows a chromatogram made with it, while fig. 7. IOB shows 
an identical chromatogram made with a flame ionization detector. The flattening 
off of the tops of the peaks due to saturation of the detector can be clearly seen. 

7.7. lmprovements 

It follows from the above that the detector could be linear if: 
(a) the gas flow rate was chosen large enough compared to the detector volume; 
(b) a suitable amount of hydro gen was added; 
(c) the current was high enough; 
(d) the pressure in the cell was low enough (atmospheric pressure is probably 

permissible if the other factors are adjusted properly). 
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Fig. 7.8. Influence of the pressure in the detector; B is the barometric pressure. The con
clusion is that a Jower pressure is desirable. For the explanation of n, see chapter 4. 
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Fig. 7.9. Influence of the gas flow rate on the cyanogen detector. Conclusion: a high gas flow 
is desirable. 
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The detection limit can be calculated with the aid of fig. 7.9. The noise was 
less than one scale division for the run with V = 0·57 ml/s. The concentration 
corresponding to log signal = 3 is about 0·05 %, so a deflection of one scale 

100 x3210 

"'90 

Îeo 

70 

60 

50 

40 

30 

20 

10 

x300 

~~ 

f ~ 
0 ... 

0 
•100 "' 

~ 

0 
<t 

0 

"' 

:) ' c B 

B 
0 

20 18 --!!..t 14 12 IO 6 4 

~ 

Fig. 7. IOA. Chromatogram made with cyanogen detector. 
B. Chromatogram made with flame ionization detector for comparison. 

A = butanol, B = pentanone, C = heptane, D = unknown impurity, E = toluene, F = 
butyl acetate. 
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division corresponds to 5.10-5 %. At the gas flow rate in question, this is about 
3.10-7 ml of C3Hs per second, or about 6.l0-10 g/s. The noise, which partly 
determines tbis limit, can doubtlessly be reduced by stabilizing the discharge 
current and improving the thermostatting. It may also be seen that for log 
signa} = 2 and V = 0·57 ml/s, the concentration is about 0·0075 %- These 
100 scale divisions correspond to 10 mV across 105 Q (fig. 7.5), i.e. to 10-7 A. 
The photomultiplier was set at 1250 V for this run; the amplification of the 
tube is then about 106. The current from the photocathode is thus 10-13 A 
= about 106 electrons/s. lf the photocathode produces one electron per 10 
photons reaching it, then 107 photons must reach the photocathode. lf l % of 
the light from the detection cell reaches the photocathode via the mono
chromator, 109 photons must have been emitted. Now a concentration of 
0·0075 % propane means 4.1015 carbon atoms per second. The excitation yield 
is thus 2·5.10-7 . The noise in a good photomultiplier is about 5 pbotoelectrons 
per second from the photocatbode, whicb corresponds to about 2.1010 c atoms, 
i.e. 4.10- 13 g of carbon. The noise in the discharge is neglected in this argument. 
It is possible to improve the set-up by collecting more light. Whcther this can 
be done by increasing the bandwidth used (5 A) depends on the noise in the 
discharge. 

The results, also in connection with this last point, were not very encouraging. 
Better results and more information may be expected if: 

(a) two reaction zones are used ; 

(b) the optimum amount of hydrogen addition is determined; 

(c) the discharge (an h.f. discharge is probably the best) is stabilized ; 

(d) the coupling between the monochromator and the det~ctor is improved, 
so that a higher luminous efficiency is obtained; 

(e) the relative luminous intensities at more than one wavclength are determined 
simultaneously, either in order to compare the measured valuc with an 
internal standard or to determine several elements at the same time. One 
of the reasous why this is important is that, as has been mentioned in 
sections 1.11 and 7.2, metal atoms can be brought into an excited state by 
atomie nitrogen. The excitation of metal vapour by means of a laser may 
also be mentioned in this connection 713, 704 , 744). 

Although the detection methods using atomie nitrogcn have not yet given 
better results than those using atomie oxygen (flame ionization detector), it 
still appears that satisfactory results may be obtained as regards certain points. 
In particular the many possibilities of obtaining qualitative information with 
this method still remain uninvestigated. 
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NOTES TO REFERENCES 

1. GC 0 0 gas chromatography and all words derived from this, in all languages. 
GLC = gas-Iiquid chromatography. 

2. et al. is used if there are more than 2 authors. 

3. The references in chapter 1 are as complete as possible up till 1963. 

4. Symp. Comb ..•. means 
a. 5: Fifth symposium (international) on combustion, Pittsburgh, Penn

sylvania, August 30 - September 3, 1954. Published for the combust
ion institute by Reinhold Publishing Corp" New York 1955. 

b. 6: Sixth symposium (international) on combustion, New Haven, Con
necticut, August 19-24, 1956. Published for the combustion institute 
by Reinhold Publishing Corp" New York 1957. 

c. 7: Seventh symposium (international) on combustion, London and 
Oxford, August 28 - 28 September 3, 1958. Published for the com
bustion institute by Butterworths scientific publications, London 
1959. 

d. 8: Eight symposium (international) on com~ustion, Pasadena, Cali
fornia, August 28 - September 3, 1960. Published for the combustion 
iostitute by The Williams and Wilkins Company, Baltimore 1962. 

e. 9: Ninth symposium (international) on combustion, Ithaca, New York, 
August 27 - September l, 1962, Organized by the combustion in
stitute Academie Press, New York 1963. 

5. Eur. Symp. GC ... means 
a. 1: Vapour phase chromatography, edited by D. H. Desty, Butterworths 

scientific publications, London 1957. 
b. 2: Gas Chromatography 1958 (Amsterdam, May 19-23), edited by 

D. H. Desty, Butterworth, London 1958. 
c. 3: Gas Chromatography 1960 (Edinburgh, June 8-10), edited by R. P. W. 

Scott, Butterworth, London 1960. 
d. 4: Gas Chromatography 1963 (Hamburg, June 13-16), edited by M. 

van Swaay, Butterworth,London 1963. 
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6. Am. Symp. GC ... means 
a. 1: Gas Chromatography 1957 (Michigan State University, August 

28-30), edited by V.J. Coates et al, Academie Press, New York 1958. 
b. 2: Gas Chromatography 1959 (Michigan State University, June 10-13), 

edited by H. J. Noebels et al, Academie Press, New York 1961. 
c. 3: Gas Chromatography 1961 (Michigan State University, June 13-16), 

edited by N. Brenner et al, Academie Press, New York 1962. 
d. 4: Gas Chromatography 1963 (Michigan State University, June 17-21). 

7. Meet. A.C.S .... (from the 137th) refers to the half-yearly meetings of the 
American Chemica! Society. 

8. Coll. Sp. Int .... means 
a. 6: Colloquium Spectroscopicum Internationale (Amsterdam 1956), 

edited by W. van Tongeren et al, Supplement of Spectrochimica 
Acta, Pergamon Press 1957. 

b. 7: Colloquium Spectroscopicum Internationale (Liège 1958), Revue 
Universelle des Mines, 9e serie XV no. 5, 1959. 

c. 8: Colloquium Spectroscopicum Internationale (Luzern 1959), H. R. 
Sauerländer and Co" Aarau 1960. 

d. 9: Colloquium Spectroscopicum Internationale (Maryland 1962), edited 
by E. R. Lippincott and M. Margoshes, Spartan Books, Washington 
1963. 

e. 10: Colloquium Spectroscopicum Internationale (Belgrado 1963), sum
maries. The complete papers will not be published. 




