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SUMMARY 

Over the past six years, one of the major developments in the analytical 

applications of the mass spectrometer has been its use when connected 

directly to a gas chromatograph. However,the quantities of organic 

compound released from the chromatograph column are frequently too small 

to be analysed in the conventional mass spectrometer. It is therefore 

essential to increase sensitivity so that smaller sample quantities will 

give a useful spectrum. Hitherto, the sensitivity has been extremely 

small; typically for every million molecules entering the ion source only 

one ion eventually reaches the mass spectrometer collector. In the 

present study it is shown that the most significant limiting factor is 

the electron bombardment source. In spite of its importance, there kis 

been little previous quantitative investigation. 

In the first part of the thesis a mathematical treatment of the ion optics 

of the source is given. New computational techniques have been developed 

which enable the focal properties of the source to be computed rapidly and 

accurately. The theoretical predictions have been confirmed by experiments 

carried out on a commercial mass spectrometer. 

In the mathematical analysis, the effects of electron space-charge were 

neglected. However, in the second part of the thesis it is shown 

experimentally that under certain circumstances, electron beam space-charge 

can cause the ion current emitted from the source to increase appreciably.



The experimental evidence, supported by a further theoretical analysis, 

suggests that this arises because the space-charge forces in the electron 

beam restrict the emergence of ions from the source to within a small 

angular wedge. When the pressure in the source is increased above a 

certain critical value, the ion current increases with pressure at a much 

reduced rate. It is show that at this critical pressure,there is complete 

neutralisation of the electron space-charge by the ions produced. A new 

type of source is proposed which minimises this effect in organic mass 

spectrometry.
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1 = INTRODUCTION 

1.1 The Mass Spectrometer 

A mass spectrometer consists of an ion source which produces ions 

characteristic of the sample being investigated, an analyser system which 

brings ions of a particular mass to a focal point, and a collecting system 

which detects and records the ion current at that mass. When the complete 

spectrum is recorded on a photographic plate the instrument is generally 

referred to as a mass spectrograph. In mass spectrometers, on the othex 

hand, the ion beam is usually detected electrically and then amplified 

before recording. However,since many modern instruments incorporate both 

methods of detection, the division is of historical interest only. In this 

thesis therefore,any conclusions obtained for mass spectrometers will 

generally be valid also for mass spectrographs. 

The history of the development of the mass spectrometer has been well= 

documented in the literature (see for example; Beynon, 1960; Farmer, 1963) 

and therefore in the following paragraphs only the important steps forward 

will be mentioned. The innovations of particular relevance to this work 

are those concerning improvements to the focussing of the ion beam and which 

result in greater instrumental resolution and sensitivity. The two types 

of focussing which are desirable in a mass spectrometer are: (a) angular 

focussing, in which ions of differing initial directions but of the same 

velocity are brought to a focus and (bd) velocity focussing, for which a 

focus is achieved for ions of the same initial direction, but of different 

velocities.



The first mass spectra were produced by Wien (1898) and in the early 

experiments of J.J. Thomson. In a more refined mass spectrometer 

constructed by Thomson (1911), a collimated beam of positive ions was 

passed at right angles to parallel electrostatic and magnetic fields. 

However, it did not produce a focussed ion beam and the device suffered 

from inherently low resolving power and sensitivity. 

The earliest instrument to incorporate focussing of the ion beam was the 

Aston (1919, 1920) mass spectrograph. In this arrangement, shown 

schematically in figure 1.1, successive electrostatic and magnetic fields 

enable velocity focussing to be achieved. A gas discharge tube was used 

to produce the ions and the spectrum was recorded on a photographic plate. 

An alternative way of recording mass spectra was used by Dempster (1918). 

A schematic diagram of the arrangement is shown in figure 1.2 (a). Ions 

of different mass are brought successively to the same collector point 

by changing either the accelerating voltage or the magnetic field. It 

is easy to show that the equation relating the mass of the ion to the 

instrument parameters can be written in the form 

w= Bee eoeee ee 

8 

where B is the magnetic flux density, r the radius of the ion path, 

M the mass of the ion, e its charge and V the energy of the ion.
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Reference to equation (1.1) shows that scanning from high mass to low 

mass ions can be achieved either by reducing the magnetic field strength 

or by increasing the accelerating voltage. 

A significant advance in the design of early mass spectrographs was 

made by Mattauch and Herzog (1934) who proposed a spectrograph in which 

simultaneous angular and velocity focussing ('double-focussing') was 

obtained for all masses along the photographic plate (see figure 1.2 

(b)). The innovation incorporated in this instrument was a pair of 

cylindrical shoes used to produce a radial electrostatic field. A 

mass spectrometer to this design was first built by Mattauch (1936). 

The first double-focussing mass spectrometer to use the Dempster 

scanning technique was constructed by Nier and Roberts (1951); the 

theory used to determine the geometry and the relative positioning 

of the analysers, was given later by Johnson and Nier (1953). Figure 

1.3a shows, in schematic form, the configuration of such a mass 

spectrometer. In addition to correcting first order angular and 

velocity aberrations, this design also eliminates the second order 

angular aberration. 

Recently, several new methods of obtaining either higher resolution or 

sensitivity for given instrument size have been tried. Noteworthy is 

the stigmatic mass spectrograph of Ewald and Liebl (1959) employing



ELECTROSTATIC MONITOR COLLECTOR 

ANALYSER \ 

      cae oe 
| MEDIAN 

ION PATH 
: MAGNETIC 

12°00 is'00 ANALYSER 

| 90 

oe SLIT 
—--2 SLIT x 
Oe TNs Shy 
— Ws “ y ——!—— ,. PLATE 

—__="  couveerams 

i non 
oe 

    
SOURCE 

  

FIGURE 1.3@) | SCHEMATIC LAYOUT OF A 12) DOUBLE— 
FOCUSSING MASS SPECTROMETER OF 

THE JOHNSON—NIER (1953) TYPE. 

NOMINAL ION 

MASS = M 

PEAK SEPARATION 

IN MASS = AM 

RESOLVING 

POWER =M/AM 

  

Torch 
} 

pe 

FIGURE 1.3(6) DEFINITION OF 10/2 VALLEY 
RESOLVING POWER, M/AM.



a spherical electrostatic analyser to produce focussing in two planes. 

However,only small gains in sensitivity and resolution were reported by 

these authors. Perhaps a more promising development is the use of a 

non-uniform magnetic sector field.with which the mass dispersion and 

resolving power can become much larger than for the case of a uniform 

magnetic field. A mass spectrograph incorporating a magnetic sector in 

which the field strength at a radius r varies as 1/r, has given a 

resolving power of 500,000 (Matsuda and Fukumoto, 1966). 

However, at present,the instruments most used by the chemist are the 

double~focussing designs of Mattauch and Herzog and that of Johnson 

and Nier. Over the past fifteen years, these mass spectrometers have 

been used increasingly by the organic chemist for the quantitative 

analysis of mixtures and the structural determination of organic 

compounds. Resolving powers of 70,000 are readily obtainably, although 

resolutions of between 10,000 and 20,000 are usually adequate for 

routine work. (Note: these resolutions are based on a 10% valley 

definition - see figure 1.3b). The accuracy of mass measurements is 

generally better than three parts per million and this is usually 

sufficient to enable ine chemist to select one, two or perhaps three 

possible molecular formulae for an organic sample fragment ion 

containing hydrogen, carbon and several heteroatoms. Simple 

additional chemical information allows the chemist to specify 

uniquely the correct molecular formla. By an inspection of the



mass spectrum, fragmentation patterns can be established which give 

insight into the molecular structure of the compound. This process 

can be automated by analysing the spectrum with a digital computer, as 

has been done for peptide samples (Barber, Powers, Wallington and 

Wolstenholme, 1966). 

Recently,it has become common practice to couple a gas chromatography 

column to the mass spectrometer source and to mass analyse time~spaced 

eluents, which can be as small as a fraction of a nanogram (1079 gn). 

For such small sample amounts, the accuracy of measurement of peak 

intensity and mass are limited mainly by the ion statistics at the 

collector (Campbell and Halliday, 1965; Green, Merren and Murray, 1965). 

It is Pisetere essential that the sensitivity of the mass spectrometer 

should be increased so that smaller sample quantities will give a useful 

spectrum. Hitherto,sensitivity has been extremely small; typically for 

every million molecules: entering the source, one thousand ions are 

produced, of which only one ion eventually reaches the mass spectrometer 

collector at 10,000 instrumental resolving power (see Chapter 5). 

In the following sections,the factors limiting sensitivity will be 

determined. For convenience these will be divided into two groups, 

corresponding to the two principal functions of the mass spectrometer. 

The first will cover all those factors controlling ion production in the 

electron bombardment source. The second group embraces all those 

processes controlling ion transmission between the point of ion 

production and the mass spectrometer collector.



1.2 Factors limiting ion production 

The number of ions produced in the source region by collisions of electrons 

with the gas molecules, may be calculated by using the following equation 

of Compton and Van Voorhis (1925, corrected 1926). 

I* =» NI- Zp el eisiaie (4,2) 

where I+ amp is the ion current produced by an electron current I~ amp, 

travelling for a length Z om,through a gas at pressure p torr. N, an 

experimentally determined coefficient, is the number of ionising 

collisions made per cm path, per torr pressure. For all gases the factor 

N is a function of electron energy, and a typical ionisation curve, 

obtained for nitrogen, is shown in figure 1.4. There is a threshold 

electron energy, the ionisation potential, after which N rises rapidly. 

Above 100eV electron energy there is little increase in N, and at still 

higherrenergies, N decreases. There is therefore little to be gained by 

increasing electron energy above the conventional value of 7OeV, and any 

gains in source sensitivity must be obtained by increasing one of the 

other parameters of equation 1.2.



  

  

   
A
F
T
E
R
 

C
O
M
P
T
O
N
 

A
N
D
 

V
A
N
 

V
O
O
R
H
I
S
 

(1
92

6)
. 

   

  

      

   

  
  



The pressure p in the ionisation chamber is determined by the ratio of 

the quantity of gas per second Q, entering the chamber, to the volume 

per second 5, flowing out. 

That is: px Q/S eeece G1e3) 

where typically, p is in torr, Q in litre-torr per second, and S in 

litre per second. For the situation where there is a given quantity of 

sample which is to be expended at a given rate, the pressure in the 

ionisation chamber can be increased only by restricting flow of gas 

out of the chamber. 

By reference to equations (1.2) and (1.3), it is seen that an ideal 

source would have the following properties: 

(i) Larger electron ionising current. 

(ii) Longer electron path length. 

(iii) Smaller flow rate of gas out of the ionisation chamber. 

In addition, two other important characteristics are:— 

(iv) Reproducibility of, sensitivity. 

(v) Linear increase in sensitivity with pressure.



1.3 Factors controlling ion transmission 

The resolving power of a double focussing mass spectrometer is largely 

determined by the length and width of the slit apertures placed along 

the ion path, and in general, smaller apertures give a better resolution 

but reduced ion transmission. Slit sizes are therefore chosen to give 

the required resolution with the best ion transmission. The parameters 

limiting the performance of a double focussing mass spectrometer ise 

detailed in the following analysis. 

The theoretical 10% valley resolving power of a mass spectrometer may 

be derived from the following empirical equation (Duckworth and Ghoshal, 

1963) 

M = K eoeec5e (1.4) 

AM ooGW,+Wo+ 

where K is the mass dispersion, m the linear demagnification of the mass 

spectrometer, W, the width of the source resolution-slit and We the 

collector slit width. The aberration and distortion of the image at the 

collector slit, are grouped together in the one term, i;



= Jeo 

The image aberration is conventionally defined in terms of the deviation, 

Yp,) of the aberrated ion path from the paraxial or median ion path, at 

the plane of the collector slit, where 

Yo = ln (By o + Bo p + By 4 “2 + Bio xp + Boo B 7) ©0000 (4.5) 

Tr, is the radius of the median ion path in the magnetic analyser, “is 

the initial angle between the aberrated ray and the median ray at the 

plane of the source slit, and /p is the relative velocity deviation Aw, /y, 

of the aberrated ray, where Vo is the velocity of the umaberrated median 

ray. B, and Bo are termed respectively the first order angular and 

velocity aberration coefficients, and B,,, Byo and Boo are termed 

respectively the second order angular, second order angular and velocity, 

and second order velocity aberration coefficients. 

The magnitude of the aberration coefficients is dependent on the choice 

of the geometry of the analysers and the relative positioning of the 

source, collector and the analysers. For a double-focussing mass 

spectrometer of the Johnson and Nier (1953) type, the coefficients B,, 

Bo and By, are zero. Since p is usually smaller than % by a factor ten, 

the most significant of the remaining aberration terms is Bin AB. 

Alpha is set by the &-slit which is placed between the ion source and 

the electrostatic analyser, Beta is determined by the energy spread 

superimposed on the ion beam by the ion source, and by the ripple on 

the accelerating voltage supply.



i 4G a 

Image distortion mainly appears as curvature of the line image at the 

collector slit. This image curvature effect is attributable to the 

action of the magnet fringe fields on the ion beam. A theoretical 

analysis of the problem (Berry, 1956) shows that the effective image 

broadening Zp, is approximately given by Zp = 2°/r, where Z is the 

half-length of the collector slit, and r is the radius of the 

magnetic analyser. 

(Note: The coordinate system conventionally used in mass spectrometry 

is shown in figure 1.3a; at any given point of the ion path, the 

coordinate system is orientated in the x-y plane so that x is along 

the direction of travel of the ion beam. Z is mutually perpendicular 

to x and y). 

Beam broadening can also occur if the plates of the electrostatic 

analyser are not parallel to each other. For a given set of plates, 

the effect is a linear function of the breadth of the beam in the 

Zdirection. The aberration term can be written as K AB/E, where 

AE/E is the field non-uniformity across the beam and K is the mass 

dispersion.



wiet > 

Collecting together the above terms and inserting them in equation (1.4) 

gives the following equation for the theoretical resolving power of a 

double-focussing mass spectrometer with a magnetic analyser of twelve 

inches radius: 

M_ = 10.2 eevee (41.6) 

AM 0.66 Wy + Wy + 0.9508 + 2¢/r + 10.2 AE/E 

in which the specific values of the constants K, m and Byo have been 

used. 

It is seen that the factors playing a part in determining the resolution 

are the source and collector slit widths, the alpha slit width, the 

length of the beam in the non-focussing, Z direction, and the energy 

spread of the ion beam. In practice,the dimensions of the slit-apertures 

are set to obtain a particular resolution, and therefore any improvement 

in ion transmission must be obtained by changing the properties of the 

beam emitted from the source. An ideal source would therefore emit an 

ion beam with the following properties: 

(vi) smaller angular spread in the focussing y-direction 

(vii) smaller overall width at the resolution slit 

(viii) smaller angular spread in the non-focussing z-direction 

(ix) smaller energy spread ('beta' term in equation 1,4)



The conclusions reached in this section and the previous section show 

that the only way to improve the sensitivity of the mass spectrometer, 

for a given resolution, is to improve certain characteristics of the 

source. In the following section it is shown how previous attempts to 

improve source design are related to the desirable characteristics 

enumerated above. 

1.4 Historical survey of the development of the electron bombardment 

source 

Dempster (1916) was the first to use a mass spectrograph to study ions 

produced by electron bombardment of gas molecules. The design was a 

simple one in which an open source was placed in a vessel of the gas 

under study. The first significant advance on this design was made by 

Nier in 1940 (see Nier, 1947) who described a source with an enclosed 

ionisation region in which the sample gas was admitted to the ionisation 

chamber through a glass inlet line. Such a design impedes the movement 

of sample gas molecules out of the ionisation chamber, thereby achieving 

a@ greater gas pressure and a consequent increase in ion production 

(method (iii)).



aaa 4 

The construction of the electron bombardment (e.b) sources, based on the 

Nier (1947) design, is shown diagrammatically in figure 1.5, while figure 

1.6 is a photograph of a typical present-day source showing its 

construction on a flange demountable from the mass spectrometer. A 

rhenium wire or tungsten ribbon filament F, is heated to produce electrons 

which are accelerated to the filament plate FP, by a potential difference 

variable between 5V and 80V. The electrons then pass through a narrow 

slot in the filament plate and travel with approximately constant 

velocity across the ionisation chamber, through the trap plate TP, to 

the electron trap T, which is maintained at 60 volts positive with 

respect to TP to re-capture any secondary electrons produced. Gas 

molecules entering the ionisation chamber through the sample inlet 

ports are subjected to electron bombardment. Those molecules that are 

ionised are withdrawn from the ionising region by an electric field. 

Focussing and acceleration of the ome is achieved by connecting 

appropriate voltages to the repeller plate R, ion exit slit IES, beam- 

centring plates BC, and earth slit ES. The ‘earth slit' is, in fact, 

the anode of the ion gun. This terminology is often used, because it 

is common practice to have the analysers of the mass spectrometer at 

earth potential, and to maintain the source ionisation chamber at a 

high potential with respect to earth.
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For a typical mass spectrometer, the repeller voltage would be variable 

between ~12V and 25V, and the mean beam-centring voltage set to a finwi 

proportion of the accelerating voltage. A potential difference may be 

applied between the beam—centring plates to correct for any electrode 

misalignment. A magneticfield, parallel to the direction of travel of 

the electrons, is used to confine the electron beam, and to minimise 

shift of the electron beam by the action of the electrostatic field 

accelerating the ions. The field strength, of between three and five 

hundred gauss, is usually provided by two permanent magnets, know as 

the source magnets, placed at either end of the source ionisation 

chamber. (For the MS902 mass spectrometer the earth slit and source 

magnets are mounted on the source housing and therefore they do not 

appear in figure 1.6). 

Hitherto, large improvements to the performance of the standard Nier 

design have been achieved by altering the shape and path of the electron 

beam. Several authors have built sources in which the electron beam is 

fired into the ion chamber in the direction of the ion beam. After 

travelling about half-way across the chamber, the electrons are 

reflected by the ion extraction-field, and attracted towards a trap 

plate encircling the filament aperture. Such a design was first 

proposed by Finkelstein and Smith (1940), and recently,designs suitable 

for organic mass spectrometry have been reported to be ten times more 

sensitive than the conventional Nier source (Dotoroff and Grossel, 1962;
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Tsuyama, Hirose and Nakajima, 1966). An explanation of the increased 

performance has not yet been given in the literature but it is probably 

due to processes which are similar to those occuring in the improved 

Nier design to be described in this report. However, the coaxial electron/ 

ion beam source has the serious Limitation that the ion beam has an 

energy spread of between two and thirty volts, compared with a half a 

volt or less, for the Nier source (Tsuyama, Hirose and Nakajima, 1966). 

Therefore, the use of a coaxial electron/ion beam source would reduce 

the resolving power of the mass spectrometer. 

An aiternative way of directing the electron beam was proposed by 

Barnard (1949, 1956). The electron beam was passed through crossed 

electric and magnetic fields, so that the electrons followed curtate 

trochoidal paths. (See sketch opposite). 

In this way many revolutions of the 

electron beam can occur within a small 

volume. As a consequence of this 

increased path-length, increased ion 

current is produced (method ii). However the gain in sensitivity 

obtained was much less than a factor of ten, and since the energy 

spread of the emerging beam is increased to several volts, this 

design has little advantage over the conventional Nier design.
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Perhaps the only published work describing improvement to the Nier source 

by means other than by changing the electron beam, is that by Okamoto and 

Mitani(ew,For a gas inlet line, they used a long, narrow pipe which 

entered the ionisation chamber through a round aperture in the repeller 

plate. Such an arrangement enables the gas molecules to enter the 

ionisation chamber in a well-defined molecular beam. On the first pass 

of the gas molecules through the electron beam, the majority of ions 

formed will be moving towards the earth slit. Thereby, the angular 

spread of the ions, in the y and z directions, is reduced (methods vi 

and viii). The senstivity was claimed to be ten times that of a 

conventional source, but similar experiments in the present investigation 

showed only a 20% increase in sensitivity. It is probable that the ten- 

fold increase observed was, in fact, due to the effects of electron space- 

charge, to be described in later chapters. 

Recent work on ion sources has, in general, focused attention on the 

properties and effects of the electron beam within the ionization chamber, 

but emphasis has been given to multiply-charged ion production, rather 

than to producing a more sensitive source for the organic mass 

spectroscopist. However, some of the concepts developed and the 

experimental results obtained are particularly useful in determining 

some of the properties of ion sources, and for this reason the relevant 

literature is now described.
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Multiply-charged ions may be produced by trapping the primary ions in 

the electron beam so that they may undergo further ionising collisions. 

Redhead (1966, 1967) described a slightly modified conventional Nier 

source for producing large currents of multiply-charged ions. He noted 

that the primary ion current had also increased, but gave no explanation 

of the phenomenon. Baker and Hasted (1966) gave detailed explanations of 

the sensitivity-pressure relationships obtained experimentally with their 

trapped-ion source. However,the present investigation shows that the 

sensitivity-pressure variation for singly-charged ions has a much simpler 

explanation than that conceived by Baker and Hasted. Correct 

interpretation of this relationship is essential for determining the 

limitations of the present source for organic mass spectrometry. 

1.5 Scope of the Present Investigation 

It is apparent from the above review that the literature contains 

descriptions of several source designs which have improved performance, 

but in no case is the source analysed to discover from whence the 

increased ion current was derived. In addition, there is no adequate 

description. of the ion extraction and focusing properties of ion sources. 

Therefore, the following investigation commences with a detailed 

theoretical analysis of electron bombardment sources (sections 2, 3 and 

4). The results are in good agreement with the experimental results 

obtained for sources operating with low electron currents, However, by 

itself, this study did not lead to an explanation of the characteristics
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of electron bombardment sources operating with high electron currents. 

Elucidation of this problem followed from a detailed experimental 

analysis, supported by a further theoretical study (sections 5 and 6). 

It is shown that the phenomena occurring at high electron current result 

from the presence of electron space-charge within the electron beam. 

Section 2 describes the way in which the axial potential distribution in 

the source was derived by using the Method of Conformal Transformation. 

The method is particularly suitable for analysing ion sources used for 

mass spectrometers, since these sources usually consist of plane 

electrodes, some of which have a slit-aperture. For the mathematical 

analysis, an electrode of finite thickness is replaced by two infinitvely- 

thin electrodes, and for most source geometries, it is adequate to 

consider a system comprising six infinitely-thin planes, five of which 

contain a slit-aperture. It was necessary to develop new iterative 

procedures to obtain a solution from transformation equations, which 

hitherto were unsolved. For a typical source geomtry, potentials can 

be computed at least ten times faster than is possible with the method 

of numerical relaxation. It is shown that the computed axial 

potential distribution never deviates by more than 3% from the true 

curve. This accuracy is quite adequate for determining the focal 

properties of practical slit systems, where dimensions usually have a 

tolerance of + 10%.
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Section 3 details the Liebmann (1949) ray-tracing procedure, as modified 

by Archard (1954) for systems of two dimensional symmetry. In the present 

study, because initial ion energies were small, fine interval sizes were 

used at the beginning of each trajectory. Thereby, it was possible to 

obtain an accuracy of better than one percent for paraxial rays. It is 

shown how linear and angular demagnification, source efficiency and timo~ 

of-flight of the ions-may be determined from the computed trajectories. 

The results of the paraxial analysis are shown to be approximately valid 

for an ion object which has a height equal to the width of the aperture 

in the ion exit slit; for example, the true demagnification of an object 

of this size is no more than 15% larger than that calculated by paraxial 

theory. 

The results of the theoretical analysis are collected together in section 

4. It is shown how relatively small changes in repeller voltage can 

cause large changes in the overall linear and angular demagnification of 

the source, the ion residence time and the source efficiency. An 

approximate analysis yields a theoretical curve of sensitivity as a 

function of repeller voltage, displaying the main characteristics of the 

wellknown ioccmmtine experimental curve. Further ray-tracing demonstrates 

that the source efficiency for any geomtry or object-plane position , but 

with a carefully chosen set of voltages on the electrodes,is approximately 

the same. There is therefore, no clearly defined ‘optimum’ geometry, 

which gives highrefficiency than any other geometry. A similar situation



exists for electron guns, as has been shown in an experimental 

investigation by Haine and sinstein (1952). 

Section 5 gives a detailed experimental analysis of the AsI MS902 

electron bombardment source, although the conclusions obtained are valid 

for all electron bombardment sources. For low electron ionising currents 

($ 20nA) the loss occuring at each of the beam-defining apertures is 

determined, and it is show that a theoretical estimate of ion transmission 

is in agreement with the experimentally obtained value. For electron 

currents above 500A, the experimental evidence, supported by a further 

theoretical analysis, suggests that the space-charge forces in the 

electron beam restrict the emergence of ions from the antinodss of the 

electron beam to within a small angular wedge. The effect is such, that 

above 4000 volts accelerating voltage all ions pass through the alpha and 

Z angular apertures of the mass spectrometer. The ion object size is 

reduced, and in addition, collected ions emerge from three of the electron 

beam antinodes. However as only one-tenth of the total number of ions 

produced is trapped in this way, the overall sensitivity increase is 

limited to a factor of twelve. This agrees with the experimentally 

observed increase. It is shown that these features of the source only 

hold good when the sample pressure in the source is below 5 x 1076 torr 

(a gauge pressure of 5 x 1077 torr). Above this pressure, analysis 

indicates that neutralisation of the electron space-charge by the ions, 

prevents further ions from being produced. It is this phenomenon which 

causes "suppression" of sample fragment ions by reference compound ions, 

thereby effectively reducing the sensitivity of the source to the sample.
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The first part of section 6 considers ways of obtaining, and maintaining 

high sensitivity. It was found that the optimum sensitivity was obtaiued 

only when a particular source geometry was used. The optimum dimensions, 

together with the tolerances required on these dimensions, are 

experimentally determined. To maintain optimum performance, several 

constructional changes were required on the source used by the author. 

The second part of section 6 considers possible ways of obtaining even 

better source sensitivities. Increase of electron current to 2 m.a. is 

shown to be feasible, giving such a source a sensitivity of forty times 

greater than that of a conventional Nier design. It is shown that the 

suppression of sample peaks can be avoided by using a partitioned source 

designs; some preliminary experimental results obtained with this type of 

source are included.
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2 = COMPUTATION OF THE POTENTIAL DISTRIBUTION 

Calculation of the focal properties of an ion source requires the use of 

two distinct procedures, that of solving Laplace's equation to determine 

the potential distribution and that of plotting trajectories through 

this potential field. This section deals with the first procedure in 

which Laplace's equation for the region is solved. 

In general, previous analyses of ion sources have required lengthy 

experiments or elaborate computer studies to determine the potential 

distribution, allowing perhaps only one source geometry to be investigated. 

Consequently, the present study has concentrated on establishing an 

elegant method which would quickly yield the paraxial properties of a 

particular source geometry for, typically, ten sets of different 

voltages on the electrodes. The result is a computer program which will 

complete the above task in six minutes on an IBM 360/40 computer, 

entailing a cost of about £5. A full analysis of the effect of geometry 

changes can be completed for less than £50. If the conventional method 

of numerical relaxation were to be used to calculate the potential 

distribution, it is estimated that the total cost would be at least 

ten times this amount.
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2.1 Introduction 

Analytical expressions for the potential distribution in round—aperture 

lenses have been given in a few simple cases only; in particular Bruche 

and Scherzer (1934), (see Zworykin et al, p. 282, 1945), derived an 

expression for the potential distribution in the neighbourhood ofaround= 

aperture in a single,plane electrode, by using a coordinate system 

consisting of confocal hyperboloids and conjugate confocal ellipsoids. 

For slit-aperture lenses however, many configurations can be treated by 

an application of the Schwarz-Christoffel transformation, together with 

use of one or two simple conformal transforms; such mathematical 

treatments are described in text books by Gibbs (1958), Green (1962), 

Binns and Lawrenson (1963), Morse and Feshback (p. 443, 1953) and 

Walker (1933). 

The equipotentials in slit-aperture and circular~aperture lenses have 

been given by Henneberg (1935), while Glaser and Henneberg (1935) 

considered the case of a thin lens with a constant field on each side 

of the lens plane. For slit-aperture lenses, the equipotentials were 

measured using an electrolytic plotting tank, while those for circular—- 

aperture lenses were calculated using the Bruche and Scherzer formulae. 

Straschkewitch (1940) gave an approximate formula for the potential 

distribution along the axis of a lens consisting of three plane and 

parallel electrodes, the central electrode hav¢e” a slit-aperture; the 

formula is valid only for the case where the width of the aperture is 

much less than the separation of adjacent electrodes.
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The need to obtain potential distributions for the more complex systems 

used in practice led Moch, Roth and Salmon (1950) to a study of a 

practical ion source, for which potentials were measured with an 

electrolytic plotting—tank analogue; trajectories through the lenses 

were calculated using an approximate formula derived from the general 

ray equation. An alternative analogue technique, the resistor network, 

has been used by liebmann (1950) for magnetic electron lenses of 

cylindrical symmetry, but the method can easily be adapted to systems 

of planar symmetry. Dietz (1959) used the resistance paper analogue 

to analyse thermal ion sources. 

The potential distributions in systems consisting of three electrodes, 

each with a slit-aperture, were calculated simultaneously by Laudet 

(1953) and Archard (1954), using the Method of Conformal Transformation. 

However, in both treatments, certain conditions were made regarding the 

symmetry of the system so that the transformation constants could be 

derived without too much difficulty. This work was extended by Boerboom 

(1957). In part I of a series of articles (Boerboom, 1959), an iterative 

procedure has been developed for solving the five non-linear simultaneous 

equations resulting from the conformal transformation of a system with 

three electrodes; the method is valid only for cases where the separation 

of adjacent electrodes is greater than the width of the apertures. In 

part II (Boerboom, 1960a), this restriction is relaxed, but an added
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restriction is that the central electrode must be a plane of symmetry. 

The methods given to solve the equations are lengthy, and since they 

involve graphical techniques they are not suited for computer solution, 

Part III (Boerboom, 1960b) gives the transformation equations relevant 

to a system of many electrodes, together with the solution for a system 

of special symmetry. 

Recently, numerical relaxation on a digital computer has become a 

common method for calculating the potentials in electrostatic lenses 

(Kirstein and Hornsby, 1964, and Hamza, 1966) and magnetic lenses of 

cylindrical symmetry (Bullough, Heath and Vine, 1963). However, at the 

present time such calculations entail large computer costs, making an 

extensive study of ion sources prohibitively experisive. 

Consequently it was decided to re-examine the work of Boerboom, and to 

develop a new iterative procedure, for obtaining the transformation 

constants from the set of ten non-linear simultaneous equations, for a 

system comprising five planes, each with a slit-aperture, and an 

apertureless plane.
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2.2 Preliminaries 

In the experiments to be detailed in section 5, use was made of the 

AEI MS902 mass spectrometer, and so that the experimental and 

theoretical results may be compared, the theoretical analysis described 

in the following sections will be modelled on the MS902 electron 

bombardment source. Nevertheless, all the computer programs have been 

written so that any source geomtry (within the limits to be defined 

later), together with any set of electrode voltages may be used. 

Figure 2.1 iss scale drawing (x10) of a cross-sectional plane of the 

MS902 electron bombardment source showing the relative positions and 

sizes of the electrodes. The dispositions of the electron gun, electron 

trap and the collimating magnets are shown in figure 2.2. For the 

following study, the co-ordinate system shown on these figures has been 

used, since it has been conventional in transformation theory to adopt 

y as the axis of symmetry of the cross-sectional plane. This co- 

ordinate system should not be confused with that conventionally used 

in mass spectrometry, where x is along the direction of motion of the 

ions and y is the axis along which the major focusing action occurs.
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Figure 2.4 shows a proposed thin-electrode equivalent of the MS902 

electron bombardment source, using five planes, each with a slit- 

aperture, and an apertureless plane. The repeller plate is represented 

by a thin plane at its right hand edge; the ion exit slit, and the beam— 

centring slit each by two apertured planes; and the earth slit by a 

single apertured plane at its left-hand edge. Where a thick electrode 

is replaced, for the mathematical analysis,by two thin electrodes, each 

of the thin electrodes is at the same potential as the thick electrode, 

There will be a small error in the theoretical treatment since no 

account is taken of the potential boundary along the line joining the 

ends of the two bounding planes (i to g, for example, in figure 2.4). 

The magnitude of this error will be given in section 2.7. 

The Liebmann ray-tracing method requires that the optic axis is straight 

and along the axis of symmetry of. the cross-section plane. This 

corresponds to the case where there are no net cross-fields or 'beam- 

deflecting voltages’. In practice, the beam deflecting voltages are 

used to straighten the optic axis along the above-—defined symmetry axis, 

thereby compensating for cross-fields resulting from mechanical 

misalignments of the source electrodes. Therefore, this ray-tracing 

method can be used for the analysis of real sources.
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The computer program has been written to solve a system consisting of 

five apertured planes and an apertureless plane. However, since an 

explanation of the transformation method and the iterative procedure 

required for such a Joiten would be extremely cumbersome, it has been 

preferred to give in the next section, and in Appendices I and II, a 

theoretical discussion in terms of a system with two apertured planes 

and an apertureless plane. The equations and techniques are easily 

extended to the case of any specified number of apertured planes. 

2.3 Voltage equations for a system of two apertured planes and 

| an apertureless plane 

The cross-sectional plane of this system is shown in figure 2.3. The 

separation between the plane and the nearest apertured electrodes is do, 

and between the two apertured electrodes is a gap of dj. The apertures 

have widths 2s and 284. The voltages on the electrodes are, from left 

to right, V3, Vo and Vy, respectively (Vo' = Vo, and Vy' = Vy since 

there are to be no cross-fields). 

The voltage V, along the y-axis as a function of y is given by the 

following pair of parametric equations:— 

+ Vgoe. (2.1) V= 2 (Vy, - Vo) arctany + 2 (Vp - V3) arctan v 
Tt b x a 

y = v — 2d; arctan b - 2d9 arctand + dy oeess (2.2) 
is Vv wv Vv
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These equations, and ones for the first two derivatives of V, are 

derived in Appendix I using the Schwarz-Christoffel transformation. 

The parameters Vj, Vo, V3, dy and dp have been defined above, and are 

known parameters for this system. The variable v is the auxilliary 

parameter which links the voltage equation (2.1) to the distance 

equation (2.2). The letters b and d in equations (2.1) and (2.2), 

together with the letters a and c,are termed the transformation 

constants of the system, and are determined from a set of simultaneous 

equations derived from the transformation equation and a knowledge of 

the boundary conditions. As shown in Appendix I, the set of equations 

for the system comprising two apertured planes and an apertureless 

plane is:- 

Sy=2a + ry In at+d + roln atd Vears (2.3) 
a-b a-d 

$9 =Cc + ry In b+ec + re In c+d eeoee (2.4) 

b-c c- ad 

ry = ac _ 2 b2 -. ce = dy eeeoe (2.5) 

2b rs ~ de) a 

To = (a2 bec a2) (c2 aoe 2) = do eeece (2.6) 

ie 2a (b° = a2) 

In Appendix II details are given of a new iterative scheme suitable for 

the solution of these equations.



2.4 Extension to a system of an apertureless plane and five 

apertured planes 

The transformation equations for a system comprising an apertureless 

plane and five planes, each with a slit-aperture may be derived in 

exactly the same way as for the system described above. The nomenclature 

for this larger system is given in Figure 2.4. The width of the slit= 

apertures are, respectively, 2sq to 2s5, the electrode separations d4 to 

d5, and the transformation constants a to j. The relevant voltage 

equations are given in Figure 2.5, while the ten non-linear simultaneous 

equations required for the derivation of a to j are given in Figure 2.6. 

The iterative scheme developed in Appendix II may easily be extended to 

solve these equations, and for each of a large variety of geometries it 

has been found that the ten constants may be derived, to within a 

prescribed accuracy, after 30-40 successive iterations. The criterion 

for accuracy has been chosen so that the absolute error in ‘a’ will be 

less thant i x 1078, For a geometry where the linear dimensions are 

of the order of unity, ‘a’ wit also be of the order of unity. Although 

any system of units may be used, each linear dimension must be in the 

same unit.
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2.5 Presentation of results 

The complete program performs four distinct functions before arriving at 

a figure for the source sensitivity under given operating conditions; 

therefore it has been convenient to print out some of the intermediate 

working as an indication that the calculations have progressed as 

expected. 

After the iteration process has been carried out, a set of results is 

printed. As an example, Figure 2.7 shows a set for the MS902 electron 

bombardment ion source. The first line under the title gives the number 

of iterations required to obtain the transformation constants to the 

afore-mentioned accuracy. As a check that the values of a to j obtained 

are the correct ones, they are substituted back into the equations shown 

in Figure 2.6 to yield ‘calculated’ values of the geometry constants, 

Sy to S5 and dy to d5. These are presented together with the actual 

values as shown in Figure 2.7. It can be seen that the calculated 

values are correct to within several parts in 107, which is.quite 

adequate for the study of practical sources, where the machining 

tolerances amount to several parts in 103, for a dimension in the order 

of several millimetres. The given slit-aperture widths are the full 

widths, that is:=- 

Sq = 2815 coeees 55 = 235
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In the right-hand column the values of a to j appear in the computer 

floating-point format. The equivalent in conventional notation, for f 

for example, is 2.15327162 x 1073. It is to be noted that a>b>ord>erf> 

&>»h>i>j as stipulated by the theory. 

Figure 2.8 shows the next set of results, which commences with a print= 

out of the voltages connected to the electrodes. Then follows a table 

in which values of y (the distance along the axis) and the corresponding 

values of the axial potential V, and its derivatives V' and V” are 

given as a function of V (extreme left-hand column), which is the 

auxigllary parameter v (the computer typewriter will only print letters 

in the upper case). v is tabulated between the absolute values of 1076 

and 100, where each step of 10 is subdivided into 25 equally spaced 

logarithmic intervals, making 200 intervals in all. (For example,1.585 = 

antilog 4 0.2). To avoid a lengthy results sheets, every fifth set of 

parameters is printed. The advantage of using a logarithmic scale in v 

is that the corresponding values of y are in the range of interest for a 

wide range of geometries. The potential and the derivatives given here 

are plotted in Figure 2.9. Figure 2.10 shows the left-hand portion of 

each curve on an enlarged scale.
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2.6 Equipotentials in the ionisation chamber 

Sketches of some equipotential lines in the ionisation chamber for 

repeller voltages of -3.12V and 17.4V are given in figures 2.11 and 

2.12 respectively. The potential values on the axis are those derived 

by the computer calculation, while the approximate positions of the 

potentials V(x) close to the axis (|IxI«1) have been derived by using 

the following Taylor series expansion. 

  V(x) = V(o) * (22) x +4 (5) x? + 

x/p 0 

Since the potential distribution is symmetrical about the y-axis, the 

odd derivatives are zero. Also, Laplace's equation may be written in 

the form 

eee 
dx* ye 

Therefore, V(x) = V(o) = 1 V"(o). x? + 0(x4) 
2 

where the approximate potential V(x), is expressed in terms of the 

axial potential and its second derivative. For large off-axis distances 

(Ixcl >1), the equipotentials tend to the equipotentials of a uniform 

repeller field. The intermediate segments of equipotential lines have 

been sketched in.
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Study of such equipotential plots can give information on the energy 

. Spread given to the ions by the source. For a repeller voltage of -3.,12V 

(figure 2.11), the positive extraction field at the centre of the 

ionisation chamber, caused by leakage from the main accelerating field, 

is almost cancelled by the negative repeller field. The potential 

difference across the electron beam (shown by the broken line rectangle) 

is small and hence the energy spread of the ions will also be small 

(~0.1 volt). When the repeller voltage is 17.4 volts (figure 2.12), 

the repeller field dominates and the energy spread of the ions will be 

much larger, at approximately 3 volts. 

2.7 Accuracy of Computed Potentials 

The results produced by the focal property part of the program can be 

checked very easily by a method detailed in later sections, but it 

implicitly assumes that the potential distribution has been computed 

correctly. The latter can only be checked by comparing the results 

produced by independent methods. 

One such method is resistor network analysis, and fortunately, the 

results obtained by Liebmann (1954, unpublished) for an ion source, 

still exist; he determined the axial potential distribution in the 

AEI MS2 electron bombardment source, the geometry of which is shown in 

the inset of figure 2.13. It differs from the MS902 source only in the 

thickness and separation of the beam-centring and earth slits.
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Alternatively, the potentials may be checked by a numerical relaxation 

method by using the computer program of Hamza (1966). 

The axial potential distributions for the MS2 source, determined by each 

of the three independent methods, is shown in figure 2.13. The results 

for the numerical relaxation, and the resistor network analyses differ 

by 1% at the maximum potential, but by much less away from the edge of 

the ion exit slit. However, conformal transformation gives a potential 

at maximum which is 3% lower than the numerical relaxation result. Such 

a depression results from treating a thick electrode as two thin electrodes 

(see section 2.2). The high values of potential obtained by conformal 

transformation at large y values is also to be expected, since the 

conformal transformation analysis assumes that the right-hand side plane 

at V = O is at plus infinity, compared with y = +69 for the resistor 

network and numerical relaxation analyses. 

The above comparison demonstrates that the potential determination part 

of the computer program is functioning correctly, and shows that the 

absolute accuracy of the potentials in the main focussing region is 

better than 3%. The relative accuracy of the potential values, one to 

the other, is limited only by computer word length, and would be better 

than 1 part in 102. The same relative accuracies would hold good for 

the derivatives of the potential, since these are derived from analytical 

expressions.
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2.8 Range of Validity of iteration process 

As demonstrated by the results shown in figure 2.7 the iteration 

process is valid for geometries such as that employed in the M5902 

source, where the ratio between, the width of the aperture of a given 

electrode and the distance between this electrode and the adjacent 

electrode, is as great as 4 to 1. Larger asymmetry ratios have been 

tried with success and figures 2.14 (a) and 2.14 (b) show two such 

geometries, embodying 20:1 and 50:1 asymmetry ratios respectively, 

which are soluble with the new iterative scheme. 

Other geometries which might be used, are those where there is a large 

asymmetry ratio between every aperture width and every electrode 

separation. This is a more stringent test of the iteration procedure 

and overall asymmetries of up to about 5:1 may be considered. Figures 

2.14 (c) and 2.14 (ad) show the two 5:1 a cases, both of which 

compute satisfactorily. Larger overall asymmetry ratios (10 to 1 for 

aie) will fail for oneof two reasons. For cases where the width 

of each aperture is much narrower than each electrode separation, the 

values of a@ to je may range from 1 to 10735 respectively. This 

value for j? is beyond the range of the computer and the calculation 

fails. For cases where each aperture is much wider than each ae 

separation, the iteration proceeds slowly and many more than fifty 

iterations are required to obtain a solution with the desired accuracy.
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The iteration procedure is, therefore, applicable to geometries of 

widely differing symmetries, including those commonly used in practical 

mass spectrometer ion sources. 

2.9 Summary and Conclusions 

Axial potential distributions in electrostatic extraction lenses, 

computed by a conformal transformation, are shown to be obtained quickly 

and accurately. The constants of transformation of the set of ten non- 

linear simultaneous equations, for a system comprised of five planes, 

each with a slit-aperture, and an apertureless plane, are derived by 

using a new iterative procedure. For the mathematical analysis a thick 

electrode is replaced by two thin electrodes, but no account is taken of 

the uniform potential boundary joining the ends of the two bounding 

planes. However, comparison with results obtained by numerical relaxation 

and resistor network analysis, shows that the absolute accuracy of the 

potentials in the main focussing seatee is better than 3h, while the 

relative accuracy of the potential values, one to another, is better 

than 1 part in 109, The iterative process is valid for slit systems 

with gap-to-separation ratios of between 1:5 and 5:1, which is quite 

adequate for practical slit systems.
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3. — CALCULATION OF THE PARAXIAL FOCAL PROPERTIES 

The previous section has described a relatively quick way to calculate 

the potential distribution generated by a slit-aperture electrostatic 

lens system of the required geometry, and have’ the required electrode 

voltage configuration. This section details the ray-tracing procedure 

used, together with the way in which the various first order paraxial 

focal properties of an ion source may be derived from two characteristic 

trajectories plotted through the lens. 

3.1 Introduction 

The first published theoretical study concerning the order of magnitude 

of the focal properties and aberrations of electrostatic lenses used in 

ion sources was by Bertein (1950, a,b,c), while Vauthier (1950 ayb, 1955 

a,b), has studied these properties in more detail. Potential distributions 

were obtained using the approximate formula of Straschkewitch (1940), and 

trajectories plotted through the lens using Gans' (1937) method; for a 

typical trajectory thirty steps were required in the calculation. Effects 

upon trajectory paths of different voltages on the electrodes, and finite 

electron beam width, were considered, together with an estimation of 

source efficiency. The effect of a non-zero repeller field was not 

considered in detail, and no explanation was given for the characteristic 

changes observed in collected ion current when the repeller voltage is 

varied.
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Detailed theoretical investigation of the focusing properties of mass 

spectrometer ion sources was undertaken at the University of British 

Columbia. Initially, Allard and Russell (1963) considered the case of 

a single electrode, in which there was a slit aperture, and gaves rules 

for the quick construction of equipotentials in the system. An iterative 

procedure was developed to solve the equations giving the exact potential 

at any point. Later Naidu and Westphal (1966) investigated the properties 

of the repeller field in a mass spectrometer ion source. It was assumed 

however, that the width of each aperture was much smaller than the 

separation of the electrodes. Potentials were derived using conformal 

transformation, and the ray equation solved using the Runge-Kutta method 

of order four. Their calculations showed very well the effect of the 

repeiler field on the ion withdrawal space, but the slit system considered 

was so unlike a practical slit configuration that the results obtained are 

of little use to the source designer. 

In these theoretical analyses of simple extraction systems no author 

determines source efficiency, so that for example, one source design may 

be compared with another. Therefore in the following sections, it is 

shown in detail how source efficiency may be derived from the properties 

of the paraxial ray equation. Before this can be developed it is relevant 

to consider the ray-tracing method used.
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3.2 Ray Tracing Recurrence Relations 

The motion of an ion in a planar-symmetrical electrostatic field is 

specified by the equations of motion along two mutually perpendicular 

axes,x and y. These equations may be written in the form:- 

tise (3.1) 

where e and m are respectively the charge and mass of the ion; B, (= 2V/2x) 

and Ey (= evVAy) are the components of electrostatic field acting on the 

ion in the x and y eer ons respectively; and t is time. The electrostatic 

fields may be derived from the potential distribution in the region, which 

in turn is derived from Laplace's equation. From the solution of equations 

(3.1), i€ is possible to determine the (x, y) position of the ion at any 

given instant of time, t, and thence to\the ion trajectory in the potential 

system. In practice, vaiues of potential are usually tabulated at a 

finite number of points along the symmetry axis of the system, which 

therefore requires the ray-tracing to be carried out by a step-by-step 

procedure. A number of such ray—tracing methods have been proposed and 

these may be divided into two groups.
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The first group use equations (301) as a basis for the ray trace. A 

set of recurrence relations is derived by using Taylor series expansions 

of x and y in ascending powers of the time interval, At (Maloff and 

Epstein, 1938 p86; Reinders, Zilverschoon and Kistemaker, 19523 Vine, 

1959; Hechtel 1962). To a second order of approximation these may be 

written:— 

Maite = 2m + Xn BE + (¥2)%q Ot” 3 gt “dnt dn At + a), De 

e o eo 

Kn+1 = Xn + Ly At 
w
e
 

da = 4 * 4s At (3.2) 

eras = -(e/m) (2V/x)n > inet Wear (e/m) (2V/24)n 

where the superscripted dots indicate successive differentiations of 

x and y with respect to time, t. 

The equations give the values of x and y, and their respective 

derivatives, at the (n + 1)th. tabular point, given their values at 

the n th. tabular point; At is the time separation of these two 

tabular points. The terms (2v/ox),, and (3V/ey) are the x and y 

components of the electrostatic field at the n th. tabular point. The 

ray~tracing procedure is to set the second derivatives (acceleration) 

equal to zero, and to specify the initial velocities, x and y> and 

initial positions, x and y. The new values of x, yy X) Yy X, y at the 

next point, At away, are then calculated from equation (3.2) These 

are then used to calculate the values at the next point and the process 

is repeated up to the required point along the axis.
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This method, commonly called the time-of-flight method, is of 

particular use when the optic axis is not known, since the spatial 

parameters x and y are referred to a fixed set of rectilinear co- 

ordinates, rather than to the optic axis. 

An alternative approach is to start from the general ray equation 

given as follows: 

eV x" + rs ox - av = Oo eevee i+, 3) 

1 +(x¥e ody ox 

This is derived from equations (3.1) by eliminating the time variable. 

(See Appendix III, section 1, for a derivation). In this equation, V 

is the volt energy of the ion and the primes denote successive 

differentiations of x with respect to y, that is:- 

<! os ax/dy 3 x" = a@x/ay? 

Many iterative procedures have been given to solve equation (3.3), or 

approximations to it (See for example, Zworykin et al, 1945, p.4003 

Maloff and Epstein, 1938, p.803; Grivet, 1966; p. 74).
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A widely used method is that due to Liebmann (1949), which has been 

given in form relevant to electrostatic slit lenses by Archard (1954). 

The iteration is carried out with the following pair of recurrence 

relations, which are applied in exactly the same way as the previous 

methods: 

Bey Oi Pn, } (3.4) 
ned =Q, x, + Q4 x, 

where Qy=1- (4)( Vv) Ay? + a4) ( vivi/V*) Ay? 

Qa = Ay Wht) (V//v) Ag” + (a4) LV) avd] dy! 

Qs= 1 -Wa)(V/V) Ay + 6/8) L(v'N)-a (v'W)] Ay? 

Qe = ~ (ta) (VV) Ay + (te) Lv'v'fv'] dy? 

These are derived (see Appendix III, section 2) by writing down the 

Taylor Series for x and x' in ascending powers of Ay, where Ay is the 

distance between the n th. and (n + 1) th. step along the y axis. The 

potential and its derivatives are the arithmetic mean of their 

respective values at the n th. and (n + 1) th. points. 

In the previous sections, it has been show that it is possible to 

generate the axial potential distribution, V, and its derivatives 

V' = W/dy and Vs 92V/y2 in the form of a table, in which V, V' and 

V" are tabulated at closely spaced points along the y symmetry axis
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of the lens system. To avoid the extra work of interpolation, it is 

convenient if the tabular points for the ray trace coincide with the 

tabular points for the potential distribution and its derivatives. 

It can be seen from equation (3.4) that this is easily arranged for 

the spatial recurrence relations, requiring adjustment of Ay only. 

However, this is not so for the time-of-flight recurrence relations (3.2), 

where the spatial tabular points are defined successively, by way of the 

time interval, as the iteration proceeds. Further, for different 

starting conitiioha (initial energy, for example), the spatial 

recurrence relations require the same set of tabular points, whereas 

the time-of-flight method requires potentials at a completely new set 

of points. 

It is for these reasons that the Liebmann/Archard method has been chosen 

for the present investigation of electrostatic lens systems. 

To enable the path of a trajectory to be plotted manually, the computer 

output for the source design program includes the first three pairs of 

trajectories computed. A 'pair' consists of a paraxial ray and an off~ 

axis ray (see section 3.3). Figure 3.1 shows such a print-out. As 

before, the result at every fifth step is given. In the extreme left-~ 

hand margin is Y, the distance along the y axis, and this is followed, 

from left to right, by the off-axis distance of each pair of rays, each 

in units of y. The caption to the sheet gives the initial energy and
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starting position for each pair (Note: although three pairs of 

trajectories are printed out, it is possible to compute up to seven 

pairs of trajectories. In the case shown, three pairs are computed). 

3.3 Lagrange-Helmholtz Relation 

The Liebmann/Archard ray tracing equations detailed above are true 

for a paraxial approximation, in which rays are assumed to be close to 

the axis. The computed rays will therefore satisfy an approximate form 

of the general ray equation, known as the ‘paraxial ray equation’. In 

this section it is shown how a number of properties of the paraxial 

system may be derived from the paraxial equation, while section 3.4 

uses the formulae derived as a means for determining an approximate 

value for the source efficiency. 

To derive the paraxial ray equation a Taylor series expansion of V(x,y) 

is used, that is 

V(x,y) = Vy) - x 2 V" + o(x4) re & ee 
at 

Hence, to a first approximation, the following expressionsare true 

V(x,y) = V(y) 

av(x,y)/ax = - xV"(y) 

dVv(x,y)/ age + v'(y)
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Also for rays close to the axis the ray slope x' will be much smaller 

than unity. 

Substituting these conditions in equation (3.3) gives the paraxial form 

2vx" + y'x' + V"x = 0 eoeoe (3.6) 

where the primes denote successive differentiations with respect to y. 

Equation (3.6) is a linear differential equation, and as such has a 

general solution compprsed of two linearly-independent solutions. 

Therefore, it follows that to determine the complete first order focusing 

properties of an electrostatic slit lens system, it is necessary and 

sufficient to calculate two linearly independent trajectories through 

the system. Every other trajectory is a linear combination of these two. 

These characteristic rays may be compared with the principal rays used 

in the investigation of light optical systems. 

Following the method of Maloff and Epstein (1938, p.90), it is possible 

to determine a relationship between the two characteristic trajectories, 

and hence to the relationship between one of the characteristic 

trajectories and another trajectory.
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Dividing each term of equation (3.6) by 2dV and re-arranging, gives 

the equation 

a (J/¥.x') + V" x20 eae (3.7) 
QV dy 2vV 

If x4 (y) and xo (y) are two independent solutions of equation (3.6) 

representing the trajectories of two ions, then the relevent forms of 

equation (3.7) ares— 

da (JV. My ) V2 x = eeoece 3.8) 

Ge ee 

d ( Ge + i i ° = eveee (3.9 — vV.x"9 7" ° ) 

Multiplying equation (3.8) by xo (y), and subtracting equation (3.9) 

multiplied by x; (y), and noting that x} .d/dy (xp)= x4.d/dy (x,) 5 

leads to the equation da [“v- (xox4 ~ x4xd )]- oO 
dy 

Integrating between the limits a and b gives the equation: 

  

J V(b) [ 3, (b)2/'(b) - ac)lb) x0 (| = WVia) | xat0) x) — 2, (a) 20, (| 54 GP)
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Equation (3.10) is a relationship expressing a correspondence between 

the values of ion volt-energy, trajectory slope and off-axis distance 

ot two trajectories (1 and 2) at a point 'a' in the system, to the 

values of these variables at another point 'b'. 

in the following work, two particular characteristic trajectories have 

been used. These are termed the 'paraxial ray' and ‘off-axis ray', 

though it should be noted that they are both paraxial rays in the sense 

that they both obey the paraxial ray equation (3.6). The ‘paraxial ray' 

is defined to be that ray which starts on, but at a non-zero angle os 

to the axis in the plane y = a (the object plane). The 'off~axis ray' 

is defined to be that ray which starts off parallel to the axis from the 

off-axis point x = h(#0) in the object plane at y = a, Figure 3.2 shows 

the pair of characteristic trajectories for the MS902 electron 

bombardment source under the specified conditions, and which are plotted 

from the values tabulated under the '2ND PAIR' column in Figure 3.1. 

The image plane is at the point where the paraxial ray crosses the axis. 

In general there may be more than one image plane, there being one image 

plane to each cross-over of the paraxial ray. The image size at each 

of such points is the distance of the off-axis ray from the axis.
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Suppose the plane at y = b is an image plane at which the slope of the 

paraxial ray isa, and the off-axis distance and slope of the off-axis 

ray are ho and fa, Tespectively (see figure 3.2) then for these two rays 

the boundary conditions relevant to equation (3.10) are 

off-axis trajectory paraxial trajectory 

xy (a) = hy Xo (a) = O 

xj (a) = 0 x} (a) = tan m, 

xy (b) = ho xo (b) = O 

x} (b) = tan fy xh (b) = tan 5 

with which equation (3.10) reduces to 

VV (b) bo tana,«VV(a) hy tana soos (3.19) 

This is one form of the Lagrange ~ Helmholtz relation for electron and 

ion optics. Equation 3.11 may be re-written in the form 

EM =(E:Neoce )* bicie (3.12) 

where E( tan a/tan a4) is the angular magnification; u(- ha /n,) the 

linear magnification; E; the initial ion energy and Vee , the 

accelerating voltage or final energy of the ion,
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Digression 

Although the Lagrange-Helmoltz formula appears in several forms, and 

under several different names in the literature, it is in each case an 

expression of the 'Law of invariance of Brightness' which is valid for 

electro-magnetic radiations and charged particle systems. 

According to historical notes written by Lord Rayleigh (1886) , the law 

was first enunciated ror light optics by Smith (1738), but later 

re-discovered by Lagrange (1803) and Helmholtz (1874). It is for this 

reason that the law is attributed mainly to the latter two authors, 

although Smith was the originator. The validity of the law to 

thermodynamic problems was demonstrated by Kirchhoff (1860) and Clausius 

(1864), whose names also appear in connection with this lew. 

The mathematical form of the law apparently varies according to the 

method used for its derivation. A number of electron optics textbooks 

refer to the treatise of Maloff and Epstein (1938, p.91), in which the 

tangent law is directly derived from the paraxial ray equation, a 

Gaussian approximation of the true equation. Thus Jacob (1951, p-47); 

refers to the 'Lagrange Law's; Grivet (1965, p.67) to the 'Lagrange- 

Helmholtz Relation’ and Hanszen and Lauer (Septier, 1967, p.257) to the 

‘Helmholtz—Lagrange formula’. The validity of the tangent law in a 

Gaussian approximation is further shown by the light-optical proof given 

in Born and Wolf (1959). The tangent law derived is called the 'Smith~ 

Helmholtz formula’.
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However Zworykin et al. (1945, p-354) give the derivation of the theorem, 

originated by Clausius (1864), in which consideration of radiating black 

bodies gives rise to a sine law. No approximations or assumptions are 

made, other than that the system obeys the Lambert cosine law and Snell's 

law. An analogous derivation for electron-optical systems is given by 

Pierce (1949, p.122), in which the result is termed the ‘Abbe sine law’. 

It is concluded therefore that, subject to the correctness of Lambert's 

cosine law and Snell's law for electron and ion optical systems, the 

sine law is the exact mathematical form of the 'Law of invariance of 

Brightness'. Although the tangent law is an approximation of it, it 

should be regarded as the correct form to use when Gaussian optics are 

considered, as it can be derived from the paraxial ray equation without 

further approximation. For this reason the tangent law has been used 

in the present study. 

3.4 Calculation of Source Efficiency 

In an ion source, it is required to extract as many ions as possible 

within the wedge defined by the x~slit of the mass spectrometer. 

Qualitatively, best efficiency will be obtained when both € and MW, the 

angular and linear demagnifications are each as small as possible, and 

from equation (3.12) it is seen that this may be fulfilled, for rays 

very close to the axis, when the ratio of the final energy to the
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initial energy is as large as possible. For a mass spectrometer however, 

the source of ions is an extended source, and although equation (3.12) 

will be valid for those ions starting out near the axis, it will not be 

true for the majority of ions formed. Therefore, it is to be expected 

that the efficiency of the ion source will depend on factors other than 

initial and final energies. ixperimentally it is found that such a 

factor is the repeller voltage, a change of which will alter the 

extraction field at the region of ion production. For electron guns, 

a similar relationship exists between brightness and bias voltage, as 

has been shown experimentally by Haine and Einstein (1952), Haine (1961). 

It is important to note that the efficiency is very dependent on the 

initial energy of the ion, and it is certainly not valid to ignore it 

in comparison with the final energy, as has been done by Naidu and 

Westphal (1966). It is because of the non=inclusion of initial energy, 

that their star-shaped extraction regions extend to infinity in an off- 

axis direction. 

In an ion source, each molecule undergoes many collisions with the 

source chamber walls before it is ionized. The ions that are produced 

will take on the energy and direction of the gas molecules, and can 

therefore be moving in any direction, with a distribution of energies 

corresponding to the Maxwell-Boltzmann distribution.



Therefore, the mathematical problem is to find the range of initial 

directions &, 0 Me in which an ion may start off so that it emerges 

from the ion source within the wedge +x to ~“, defined by the X=slit. 

Delta may be found by a second application of equation (3.10). The 

off-axis trajectory starting-off from the object plane, at height h, 

from the axis, and at an angle Sto the y-axis, is compared with the 

computed off-axis trajectory starting off from the same point, but 

parallel to the axis. Thus, the boundary conditions ares— 

Reference off-axis trajectory Unknown trajectory 

x, (a) = hy Xp (a) = h, 

xi (a) = 0 xh (a) = tan § 

x, (b) = ho Xp (b) = ho 

xi (b) «= tanB, x} (bd) = tang 

The boundary conditions for the reference off-axis trajectory are the 

same as those given in section 3.3. Since both off-axis trajectories 

start at the same point in the object plane (a), they also meet at the 

same off-axis slat hoy in the apparent image plane (b). Substituting 

the above conditions into equation (3.10), gives the following 

relationship: 

VV (bv). (ho. tan B 5 ~hy. tana) =» VV (a). (-h,.tan& ) 

oo § - —tan™' 2 (tan B o bri tane ) e@ocee (3.13) 
arncerce ee 

where - 1/2 <8<¢ 1/2
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where € is defined by equation (3.12). § is the initial angle required 

for the ray to emerge at an angle +X to the axis. This will be termed 

533 =: defined in the same way, but for an emergent angle of ~*, is 

given by equation (3.13) with (-%) substituted for «. It is therefore 

possible to define the ‘ion withdrawal wedge’, |6,-&| such that ions 

starting off within this angle will emerge from the source system within 

the angle +X to -%, 

The source efficiency will also be a function of the apparent linear 

demagnification M; if M is increased, fewer ions will pass through the 

source resolution-slit (of gap width up to 0.2 mm). An overall measure 

of the extraction efficiency can therefore be expressed ast— 

Efficiency = ([S+ - 5= eoocoe (3.14) 

2.0, M 

DIGRESSION 

It is of interest to compare equation (3.14) with the equation measuring 

the efficiency of a point source 

1/EM 

Using the forms of equation (3.13) for S and § gives 

tan §, - tan § = 2 tand 

“ al: = tan ~ tan 6. eecc5e (3.15) 

EM 2M tan«
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Now since “ is small, tanx approximately equals, which leads to a 

simple expression for the ratio of the off-axis efficiency, equation 

(3.14),to the point-source efficiency, equation (3.15). Thus:- 
? 

Off-axis efficiency = (& -&J aie ne (3.16) 
  

Point source efficiency tan 8, - tan 6. 

The point source efficiency is a constant, subject to constant initial 

and final energies (Lagrange - Helmholtz Law) , and it is easy to show 

that (& - 6] has a maximum when 6, = -8_ (see Appendix III, section 3). 

The implication of this will be considered in section 4.1.4. 

3.5 Integration Over the Object Plane 

Equation (3.13) is applicable only for rays which leave a point in the 

object plane,distance hy from the y~axis. For other points in this plane 

it is necessary to scale the term tan p, (the emergent slope of the 

reference off-axis ray), which appears in equation (3.13). However, 

since the Liebmann—Archard ray tracing equations (3.4) are linear in x 

and x', linear scaling of tanB. is all that is required. For example, 

for an off-axis starting point of h;/2, the angle §, is given by the 

§ =4 { r 

with the source efficiency defined as before.
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To determine the overall source efficiency it has been assumed that ions 

are produced with equal probability at all points across the breadth (x) 

of the electron beam. For the integration, the source efficiency is 

determined at forty, equally spaced points across the x-breadth of the 

electron beam, and the overall efficiency set equal to the arithmetic 

mean of the vaiues thus obtained. 

To account for finite width of the electron beam in the y-direction, 

it is necessary to compute additional rays. The computer program has 

been written so that this is easily achieved, but details of this are 

deferred until section 4. 

3.6 Accuracy of Computations 

The Lagrange~Helmholtz relationship provides the potential of a rigorous 

check of a large part of the program. The computed linear and angular 

demagnifications will obey equation (3.11), provided that the 

derivatives of the potential, and the two characteristic rays have been 

computed correctly. To check that the computations are correct, it is 

necessary and sufficient to consider the initial and final properties 

of the two rays. In practice, the method is to compare WVace/B, with 

(hy /ho) tan «,/tan cs Any smail deviation will give an estimate of 

the error incurred in the ray tracing operation. For every result
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calculated, the deviation from equation (3.6) is found and printed out. 

In this way it is possible to be confident of any results obtained. It 

is important to note however, that it will not check the potential 

distribution itself, and there is therefore a small gap in the internal 

checking system after the determination of the transformation constants, 

but before the determination of the derivatives. The validity of the 

computed potentials has already been discussed in section 2.7. 

To improve the accuracy of the ray-trace to within a few per cent, it 

has been found necessary to incorporate a fine interval size at the 

beginning of the trajectory. The need for this arises because the 

initial energy of the ion (~-0.04eV) is similar in magnitude to the 

change in energy from one tabular point to the next. Subdividing each 

of the first six intervals into twenty equally spaced intervals has been 

found adequate. Intermediate values of V, V' and V" were found by linear 

interpolation. 

3.7 Validity of the Paraxial Approximation 

To determine the errors incurred by using the paraxial ray equation for 

computing off-axis rays, use has been made of a modified version of the 

computer program mitttan by Hamza (1966). This calculates the potentials 

over the whole region by using numerical relaxation, and ray traces by 

direct use of the equations of motion (3.1). The only errors in the 

results from this program will be due to the finite size of the mesh.
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A comparison of the trajectories obtained by each method for the MS902 

electron bombardment source is shown in figures 3.3 (a) and (b). To 

match the potential distributions obtained by the two methods, an ion 

exit slit gap of 0.5 mm was used for the conformal transformation 

computations. For each method, the paraxial ray starts off at an 

angle of +0.1 radians to the axis, while the off-axis ray is fired at 

an angle of -0.1 radians to the axis. Initial ion energy is -0.16eV, 

Figure 3.3 (c) shows the demagnifications |M], of the real images 

plotted as a function of the off-axis starting point X(0.A.), of the 

off-axis trajectory. Since the paraxial ray equation is linear in r, 

the appropriate value of {M] is constant with increasing X(0.A.) 

(broken curves). However,when the general ray equation is used (full 

curves), the object demagnification increases for increasing object 

size, but is still only 15% larger than that predicted from paraxial 

theory, at the point where the object height is the same as the ion 

exit slit width. This is a relatively small error, and therefore the 

conclusions obtained by a paraxial analysis can be accepted with 

confidence. For an object size just under twice the ion exit slit 

width, the paraxial theory error is 40%, and for any further increase, 

the demagnification increases rapidly until finally at X(0.A.) = 0.9 om 

ions strike the ion exit slit.
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These conclusions are supported by those of Naidu and Westphal (1966) 

who carried out a similar analysis for a single slit-aperture. From their 

results they were able to define a 'paraxial region' (see figure 3.4) 

within which the paraxial theory is not 'grossly invalid'. However, they 

do not specify the accuracy of the results obtained with this region. 

3.8 Ion Residence-time in Source 

A factor of interest to the chemist studying metastable transitions* is 

the time taken for an ion to travel from the point of ion production to 

the source resolution-slit, at which it will have reached its final 

energy. Since this transit time varies with the extraction field, its 

value is calculated for each paraxial trajectory computed. 

The method is to compute the time At, taken by the ion to travel over 

each incremental step of the x-axis, Ax, and then to sum the results 

between the starting point and the source slit. ‘This time interval 

is given by 

oy a ee 
i Ls 

  

*Metastable transitions are those caused by ions decaying into fragment 

parts after leaving the region of ion production. The characteristic 

spectra obtained give additional chemical information for the analysis 

of the compound.
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where r' is the slope of the trajectory over interval, Ax. ‘The ion 

velocity v, is determined from the volt energy V, by way of the energy 

equation. 

Therefore, for an ion of 1 a.m.u., the time interval At is given by:- 

At = 0.072009 . Ax /1+r'2 ps wit (3.17) 
-V 

where Ax is in mm. and V is in volts. The ion residence-times printed 

in the computer output are those for an ion of mass 1 a.m.u. To obtain 

the corresponding transit time for an ion of mass M, the computer result 

is multiplied by vil. 

3-9 Computer Yutput 

Figure 3.5 shows a typical output sheet obtained from the focal property, 

check and residence—time part of the program. Reading from left to 

right, the first two columns give respectively the potential difference 

V(REP), between the repeller plate and the ion exit slit, and V(FOC)/ 

V(ACC), the ratio of the potential difference between the centre slit 

(focusing plates) and the final accelerating slit, to the overall 

accelerating voltage.
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oa. 

The next pair of columns headed E(INT) and Y(OBJ) give the initial 

ion energy, in electron volts, and the position of the object plane 

along the y-axis, referred to the ion exit slit. All the output in 

the first four ob lumii information supplied to the computer in the 

form of data. The following two pairs of columns headed Y, M (1,3) 

and Y, M (2,4), give y-positions and magnifications of the images. 

The Y, M parameters for the first image occur in the first pair of 

columns, those for the second image in the second pair of columns, 

and if there is a third and perhaps a fourth image the respective 

parameters will appear on a new line immediately under the parameters 

for the first and second image. (See the entry for V(REP) = -4.7V 

and Y(OBJ) = -1.60 in figure 3.5). If there is only one real image, 

the position and magnification of the apparent image (as seen from 

y =+00) is given in the second pair of columns and the M value is 

followed by a letter 'A' (See the entries for V(REP) = 7.20V in 

figure 3.5). 

These results are followed by a single column of numbers which give 

the percentage deviation of the focal properties from the Lagrange- 

Helmholtz law. A space indicates less than 0.5%, while an asterisk (*) 

indicates greater than 9.5%.



2. 

The last column, headed TIME (VS) gives the residence time in ys of an 

ion of mass 1 a.m.u. travelling between the object plane and the source 

resolution-slit. 

The results are given in vertical blocks of one or up to seven lines, 

where each line corresponds to a different ion initial energy or to a 

different object plane position (option specified in data — See Appendix 

IV for details). Hach block corresponds to a different electrode voltage 

or set of electrode voltages. In the output shown in figure 3.5, it is 

the repeller voltage which has been varied. In this way it is possible 

to investigate the variation of the focal properties and residence times, 

as a function of any of a number of parameters. 

If an ion has insufficient energy to surmount any potential barrier 

it may come across, it will be reflected. Since there is no practical 

interest in ions which are reflected back taleceeties plate, the program 

detects such an ion and prints out the caption 'ION REFLECTED' (See 

entry for V(REP) = -4.7V and Y(OBJ) =-1.70 in figure 3.5). 

Figure 3.6 shows a typical output in which the source efficiency is 

detailed under the heading ‘ION WITHDRAWAL—WEDGE TABLE’. This table 

is a horizontal continuation of the focal property, check, and 

residence-time table (figure 3.5) and the results are therefore blocked 

in a corresponding manner.
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The initial conditions are given below the heading; these ares the half- 

breadth (x) of the electron beam XI(0.A.), the half-angle, o& radians, of 

the alpha-slit and the definition of the source efficiency (I.W.W.) 

For the purposes of comparison, it is necessary to know the source 

efficiency at the source resolution-slit, rather than at the real image, 

the position of which varies with repeller voltage. It is for this 

reason that the angular magnification, €, used in the source efficiency 

calculation, is the angular magnification of the apparent image. The 

values of the apparent angular magnification appear in the first column 

headed EPS. The second column contains the values of TAN (B2) computed 

for rays starting in the object plane and at the off-axis distance 

XI(0.A.). Its value for other off-axis starting points is obtained by 

linear interpolution as discussed in section 3.5. 

The remaining columns are grouped in a set of three and a set of four. 

The first set give the source efficiency for particular points in the 

object plane, at the off-axis position given in the heading to each 

column. ‘The second set of columns give the mean values of the source 

efficiency derived by integration up to the off-axis point specified by 

the heading to each column. There are no results for a reflected ion 

and an appropriate caption is printed out.
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3.10 Summary and Conclusions 

Ray tracing of characteristic trajectories was carried out be means of 

the Liebmann (1949) recurrence relations, in the modified form given by 

Archard (1954) for systems of two dimensional symmetry. Because initial 

ion energies were small, fine interval sizes were used at the beginning 

of each trajectory, with the result that for most geometry and voltage 

configurations a paraxial ray-tracing accuracy of better than one percent 

was obtained. The result of the paraxial analysis are shown to be 

approximately valid for an ion object which has a height equal to the 

width of the aperture in the ion exit slit; for example, the true 

demagnification of an object of this size is no more than 15% larger 

than that calculated by paraxial: theory. 

By using the Lagrange-Helmholtz relation it is shown how source 

efficiency may be defined in terms of the properties of two 

characteristic rays. For completeness the computer calculations, for 

each ray trace, iriclude the time taken for an ion to travel from the 

point of production to the source resolution-slit of the mass 

spectrometer.
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4 — RESULTS OF THE THEORETICAL ANALYSIS 

This section collects together the results of the theoretical analysis 

of an electron bombardment ion source. It is shown how relatively 

small changes in repeller voltage can cause large changes in the overall 

linear and angular demagnifications of the source, the ion residence 

time and the source efficiency. Further computations reveal how changes 

of source efficiency occur with changes in object (or electron beam) 

position, initial ion energy, ion accelerating voltage, mean beam— 

centring voltage and source geometry. The section concludes with a 

brief study to determine the possible effect, on the results obtained, 

of some parameters not inciuded in the analysis. 

The effect of electron beam space-charge, and the correlation between 

source efficiency and mass spectrometer sensitivity in amps. per torr, 

are deferred until the next section. 

4.1 REPELLER VOLTAGE 

With conventional electron bombardment sources it is well-known that 

large changes of sensitivity occur when the repeller voltage is changed, 

and all other voltages kept constant. Therefore, in the following 

sections the effects of repeller voltage change on the properties of 

the computer analogue of the M59 source are examined.



oe 

4.1.1 Paraxial Imagery 

The electric field acting on an ion in the ionisation chamber, is the 

resultant of that part of the main accelerating field which penetrates 

into this region, and the repeller field, generated between the ion 

exit slit and repeller plate. When the repeller voltage is changed, the 

field distribution in the ionisation chamber will alter, resulting in 

a change of focal properties of the source. One focal property which 

can be easily computed is the position of the paraxial image formed 

by the ions. 

Figure 4.1 shows the theoretical values for the positionyin mms from 

the ion exit slit, of the image as a function of the repeller voltage. 

It is seen that the image closest to the object (labelled '1st Image') 

stays in substantially the same position when the repeller voltage, Vr, 

is varied between -5V and +25V. The position of this image in relation 

to the slits can be seen by reference fn figure 2.1. 

As the repeller voltage is reduced, resulting in a reduction of the 

resultant ion-extraction field at the electron beam, a second image, 

initially formed at plus infinity, gradually moves towards the ion 

source, so that when Vr = +3V, this image is situated near the source 

resolution-slit.
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When the repeller voltage is reduced to about -4.5 volts, so that the 

repeller field opposes the accelerating field, a third image is formed. 

Under these conditions the ion starts-off in a retarding field, and it 

has just sufficient energy to surmount the potential barrier. For 

repeller voltages a few tenths of a volt more negative, all ions of 

-0.04eV initial energy which start from y = 1.6 mm are attracted to 

the repeller plate. 

The broken-line curves on figure 4.1 are the image position curves for 

different object planes. The electron beam is usually confined between 

the planes y =-1.40 and y = -1.80 mm, and therefore the object planes 

at y = -1.50, ~1.60 and -1.70 mm have been chosen as a representative 

sample of planes; the region with the bounding broken lines represents 

a band within which the image is most likely to be present. 

Figures 4.2 and 4.3 show, respectively, the apparent linear demagnification 

and the corresponding angular demagnification as a function of repeller 

‘voltage. The giaular demeani fication curve shows a striking resemblance 

to an experimental repeller curve (see figure he 3 The linear de- 

magnification never becomes smaller than 0.13.
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4.1.2 Ion Residence—time 

The variation of the ion residence-time in microseconds (ps) as a 

function of ion repeller voltage for the MS902 electron bombardment 

ion source is shown in figure 4.4. A feature of this curve is that 

for positive repeller voltages, the time remains substantially constant 

at values of between 0.1 and 0.2 ps (times for a mass of 1 a.m.u.). 

When the repeller voltage is negative and approaches the condition of 

zero resultant extraction field, ions take longer to attain a given 

energy. Below the critical voltage (a value depending on the object 

plane position) the ions are attracted towards the repeller plate, ani 

the residence-time is not defined. 

The residence=times given are the times taken for the ions to travel 

to the source resolution-slit. The time taken for an 8kV ion to travel 

from the source resolution-slit to the collector of the mass spectrometer 

(a distance of about 80 inches), is 

80 x 2.54 = 1.6 ps (for M = 1 a.m.u.) 

(2 x 8000 x 1.6 x 10712 x 6.02 x 1023)# 

An ion therefore spends approximately 10% of its life in the source 

region of the mass spectrometer. 

For ions of mass li, all residence-times are increased by a factor of ud,
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4.1.3 Source Efficiency 

It was explained in section 3.4 that it is necessary to integrate from 

the y-axis to the edge of the electron beam to obtain a representative 

source efficiency value. Figure 4.5 shows the ion extraction efficiency 

values as a function of repeller voltage for ions starting at the given 

off-axis points. It is seen that for a starting point near the axis 

(X = 0.03 mm), the source efficiency remains substantially constant to 

repeller voltage changes. Thus for the case of a 'point source’ the 

source efficiency is almost independent of the exeet value of the 

extraction field, provided this field is greater than the field at cut- 

off. 

For ions starting out some distance from the axis, the source efficiency 

attains its maximum at three sharply defined repeller voltages. Away 

from these maxima, the source efficiency falls-off rapidly. (Note: to 

avoid confusion the left-most branch of the curves has been included 

in one case only). 

Figure 4.6 shows the integrated source efficiency curves. Thus the 

curve labelled ‘sum to x = 0.3 mm' is the repeller curve to be expected 

for an ion source with an electron beam 0.6 mm broad. The integrated 

curves are subtantially the same for different electron beam breadths, 

but have the characteristic that the broader the electron beam, the 

sharper the efficiency maxima.
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The repeller curves obtained on the computer analogue have exactly the 

same characteristics as practical ion repeller curves obtained on a mass 

spectrometer. Figure 4.7 shows a selection of such curves obtained on 

different MS902 mass spectrometers. The curve (A) displays the basic 

characteristics predicted by theory. These are:— 

(a) a 'cut-off' in ion current at a repeller voltage between ~—5V and 

~10V. 

(vo) A maximum of ion current at about -3V (termed the 'first maximum'), 

(c) A second maximum of ion current at about +17V (termed the 'second 

maximun’). 

However, the narrow 'Zeroth' maximum occurring just before the cut-off 

on the theoretical curves, is not displayed on the experimental curve; 

it is probably superimposed on the first maximum. 

Curves (B), (C) and (D) are different in that the second maximum occurs 

at voltages in excess of 30V. The presence of non-conducting deposits 

(condensed, decomposed sample) on the electrode surfaces probably has 

€ 
little effect on the shape of the repeller curve, as is examplified by
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eurves (C) and (D). Curve (C) was taken on a clean source, after it had 

been baked for 24 hours at 150°C, while curve (D) was taken on the same 

source after it had been used for five months (nae filebanel. It will 

be shown in section 4.2 that different repeller curves are caused by 

different source geometry and electron beam position. 

4.1.4 Physical Explanation of the Repeller Curve 

Figure 4.6 shows that efficiency maxima of 390 and 430 occur at repeller 

voltages of +17.4V and -3.12V respectively. For a point source, the 

efficiency would be constant at 1/eMi = (V /s,)%, provided that the ion acc 

was not reflected (See section 3.4). For the case under consideration, 

the ion accelerating voltage Vacc, is equal to -8kV and the ion initial 

energy, Es» is equal to -0.04eV. Thus, the point source efficiency is 

466. It is apparent from figure 4.6 that a minimum in efficiency occurs 

for a repeller voltage of about 7V. 

To investigate the nature of the repeller curve, a set of trajectories 

has been computed for the simulated M5902 electron bombardment source}; 

repeller voltages, Vr, of +17.4V, OV and -—3.12V were chosen. The 

trajectories are plotted in figures 4.8, 4.9 and 4.10 respectively.
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The first eT. is the paraxial trajectory which can be used to determine 

the position of the images. The other three are trajectories which emerge 

from the slit system at angles+< (no. 2), O (no. 3) and -& (no. 4) to 

the axis, where “is the half-angle of acceptance of the X= slit of the 

mass spectrometer ( & = 0.00625, for the MS902 mass spectrometer). In 

each case, the parameters of interest are the initial angles of the 

trajectories, the linear demagnification, and the source efficiency. 

These parameters, for each set of three off-axis trajectories, are 

given in the table below. The initial angles of the trajectories are 

  

  

  

in degrees. 

INITIAL ANGLE 

Vr OF TRAJECTORY, 8° 

[ASI = |As| 
(2) (3) (4) (2,4) 20 Mi 

+17.40V | -32 0 32 64 0.228 390 

0.00V -62.1 ~67.2 -—(0.7 8.6 0.175 68.5 

—3.12V 19.45 0 “19.45 38.9 0.126 430                 

The ion withdrawal wedge AS » is the difference between the initial 

angles of trajectories (2) and (4). 

has been defined in section 3. 

The source efficiency (A$/20M), 

 



= 73 

From this table, it is seen that the drop in source efficiency which 

occurs when the repeller voltage is changed from -3.12V to OV, results 

from a large reduction in the ion withdrawal wedge Af, together with a 

small increase in the linear demagnification. Further, it is seen that 

the two siase of greatest off-axis efficiency (Vr = +17.4V and Vr = -3.12V) 

are those for which the initial bounding trajectories are on either side 

of the horizontal (see figures 4.6 and 4.10 respectively). That is, 

8, = -5_, as was predicted from the Lagrange-—Helmholtz law (see section 

3.4 and Appendix 3.3). For such cases, the ray (3) which emerges 

parallel to the axis, starts off parallel to the axis. It is now clear 

why the repelier curve has a number of maxima; the 'second' maximum occurs 

when there is one real image between the object plane and the source 

resolution—slit, while the 'first' maximum occurs when there are two real 

images between these two planes. The theoretically predicted 'zeroth' 

maximum occurs when there are three real images formed. Although there 

is every reason to suppose that more than three images could be formed, 

each new maximum in the repeller curve would be closerto and narrower 

than the paevious one; identification of such maxima would therefore be 

difficult.



1h & 

The off-axis efficiency is a minimum when |S+| and lS-] each tend to 

V/2 (ray starts-off perpendicular to the axis) and with reference to 

equation (3.13), it is seen that this occurs when € tends to zero. For 

the M5902 source this condition is reached when the repeller voltage is 

about 7 volts (see figures 4.5 and 4.6). However, theoretically the 

minimum source efficiency is zero, whereas the experimental minimum is 

not usually less than a factor of four smaller than the maximum 

efficiency. The discrepancy arises because at a repeller voltage of 7V, 

ions start off almost at right angles to the axis; the paraxial theory 

is grossly invalid for such trajectories. At a repeller voltage which 

gives a maximum in source efficiency, the initial angles of the 

trajectories are small, and trajectories calculated by the paraxial 

theory are good approximations to the true trajectories. From a 

practical point of view, it is the properties of the source at the 

maxima in source efficiency which are important. Therefore, the 

paraxial theory may be used with confidence to determine, for example, 

whether or not there is an optimum source geometry which gives higher 

' sensitivity than any other source.



4.2 CHANGES OF VOLTAGES AND OF GEOMETRY 

In this and the following sections the effects of geometrical and 

voltage changes on a 'standard' ion repeller curve are considered. The 

'standard' curve is the one obtained theoretically under the following 

conditions:— 

(a) W€S902 electron bombardment ion source geometry. 

(b) Ion accelerating voltage of +8kV. 

(ce) Focusing half-plate voltage of +7.44kV. 

(ad) Initial ion energy of -O0.04eV (= 190°C). 

(e) Object plane position, Y = —1.60 mm. obj 

(f) Efficiency values integrated up to x = t 0.6 mm. 

4.2.1 Change of Object Position 

The object plane is coincident with the plane of the electron beam. 

However, in practice, the electron beam is about 0.4 mm wide (y) and 

may be located anywhere between y = -1.6 and y = -0.8 mm. This imprecision 

results mainly from the lack of precision in the positioning of the source 

magnets. Figure 4.11 shows the repeller curves obtained when the object 

plane is sited at y = -1.6, -1.05 and -0.85 mm. It is seen that it is 

possible for the position of the second efficiency maxima to vary by
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at least twenty volts, while the shift in the first maxima is a factor 

of three smaller. Such a variation from source to source is well known, 

as is exgmplified by the curves in figure 4.7. For each object position, 

the source efficiency at the optimum repeller voltage is substantially 

the same. This is an agreement with the experimental analysis of electron 

guns carried out by Haine and Kinstein (1952), in which gun brightness 

was shown to be independent of filament position, provided that the bias 

voltage was optimised. 

The effect of a finite y-width of the electron beam, would be to broaden 

the repeller peaks, but would not cause any substantial shift of the 

peaks. 

4.2.2 Ion Initial nergy 

When an ion is generated from a gas molecule, it will have the velocity 

and direction of that molecule. Sach ion will thus have an initial volt 

energy, and the assembly of ions will have a distribution of initial 

energies corresponding to the Maxwell=Boltzmann energy distribution 

curve. In the calculations and results presented so far, it has been 

assumed that an ion will have the most probable energy, which for 

Maxwell-Boltzmann statistics is kT, where k is the Boltzmann constant 

(k = 8.617 x 1079 eV. °K-1) and T is the absolute temperature. For a 

source temperature of 190°C, the most provable initial energy of the ion 

will be -0.04eV. If this is Byay, then the number of ions, N, with any 

given energy E is given by the equation:



“17 - 

N= n.B,; exp (-E, /Bnax) 

where n is a constant, dependent on the source pressure and degree of 

ionisation. From this equation, it may be deduced that Py the ratio 

of the number of ions with energy (Ro Ji to the number of ions with 

energy Enay, is given by the equation: 

Phe : a e exp (-3) = 82.5% 

exp (-1) 

Similarly, for ions with an energy of 2l,., 

Po =z=2. exp (-2) = 67.5% 

exp (-1) 

The theoretical repeller curves for ions of initial energies -0.02eV, 

-0.04eV and -0.08eV, shown in figure 4.12, should therefore give a 

representiive set of curves for the system. The efficiency maxima increase 

with decreasing initial energy, and this agrees with the predictions from 

the Lagrange-Helmholtz expression, equation (3.12). The wannithiies aie 

will be dealt with in more detail in the next section. 

As the initial ion energy increases, the repeller voltage required for 

each etficiency maximum decreases. However the effect is relatively 

small, and the repeller curve derived for an initial energy of -0.04eV 

will be representative of the true repeller curve. Finite energy spread
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of the ions, will result in a first repeller maximum which has 

substantially the same height as the -0.04eV peak, but which has 

broader flanks. The second repeller maximum will also be substantially 

the same as the one calculated for By = —0.04eV. 

4.2.3 Ion Accelerating Voltage 

The theoretical ion repeller curves for three accelerating voltages 8, 

4 and 2kV, are show in figure 4.13. The set of curves display the same 

characteristics as the previous set of curves for initial ion energy, 

except that the efficiencies at the ion repeller maxima, increase with 

increasing accelerating voltage, compared with an efficiency decrease 

for increasing initial ion energy. Thisaegain is in agreement with the 

Lagrange-Helmholtz equation. 

The repeller voltage and beam-centring voltage have been scaled in 

proportion to the accelerating voltage. The ratio Wh for each 

repeller maximum changes with changing accelerating voltage. The 

following table may be compiled from the results of section 4.2.2 and 

this section:
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“Vaoo (eV) | “By (eV) | (Vage/By)® sPFYCTENCY BFPYCIENCY (V.)4 KYp)o 

8000 0.02 633 580 490 2.75 117.57 

(1) 8000 0.08 316 310 295 —3.64 17.17 

(2) 4000 0.04 316 310 295 —3.64°1 7.17% 

2000 0.04 224 220 220 -4.40% 16.80%                 

* Voltages scaled by a factor (8000/-V..66) 

Comparing the two arrowed entries, it can be seen that the efficiencies 

and repeller voltages at the two maxima for the first entry (1) are each 

exactly the same as their respective values in the second entry (2). 

Therefore, when all the electrode voltages are scaled in the same 

proportion, the focal properties of the source are unchanged. This is in 

agreement with the fundamental paraxial law for electron and ion optical 

systems operating in the aibpeuice of electron and ion space-charge (Maloff 

and Epstein, 1938, p.80).
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The above results are shown graphically in figure 4.143 the efficiency 

for each maximum, together with the theoretical maximum in efficiency 

1/(€M), are each plotted as a function of the ratio (Va 0/84) 2« 

It can be seen that as long as the source is operated at the repeller 

maximum, the source efficiency is very close to the theoretical limit. 

For a given accelerating voltage, the source should be operated at as 

low a temperature as possible, so that the most probable ion energy is as 

small as possible. In practice, little can be done toward this end, since 

the source temperature is usually set near to the vaporisation temperature 

of the compound under analysis. When operating the source at constant 

temperature, and at the first repeller maximum, the source efficiency is 

almost exactly proportional to the square-root of the accelerating voltage. 

The transmission efficiency of the mass spectrometer (see section 1) does 

not obey this square-root law,. and this will be discussed in section 5. 

4.2.4 Beam—Centring plate Voltage 

The characteristic repeller curves, derived for the MS902 source, for 

each of three mean beam-centring voltage, are shown in figure 4.15. If 

this voltage is decreased from its normal value of 7440V, a more negative 

repeller voltage is required to obtain the first efficiency maximum.
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Qualitatively, the increased negative repeller field is required to 

counteract the increase in extraction field which occurs when the mean 

beam-centring voltage is decreased. 

As with change of object position, there is little change in the 

efficiency at the repeller maximum when the beam-centring plate voltages 

are changed. 

4.2.5 Ion Exit Slit Thickness 

For the simulated MS902 electron bombardment source there are ten 

geometry parameters and to avoid a lengthy section in which the 

variation of each one is considered, the ion exit slit thickness has 

been chosen as a representative parameter. Figure 4.16 shows a set of 

repeller curves for ion exit thicknesses of 0.4, 0.8 and 1.6 mm. For 

the MS902 electron bombardment source, the thickness is 0.8 mm. 

The effect of making the slit thinner is to shift the first repeller 

maximum more negative. As with the case of a reduced half-plate voltage, 

this occurs as a result of the increased penetration of the main 

accelerating field into the ionization region. The more negative 

repeller field compensates for this. The opposite effect occurs when 

the ion exit slit is made thicker.
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It is seen that the optimum source efficiency is the same for different 

source geometries. Again, this is in agreement with the experimental 

results of Haine and Einstein (1952), who showed that change in electron 

gun geometry had little effect on optimum brightness. 

The image demagnification, as seen from a plane at plus infinity, is 

different for different ion exit slit thicknesses.. The dependence is 

shown in figure 4.17, where the demagnifications for first and second 

repeller maxima are plotted as a function of the ion exit slit thickness. 

If it is required to obtain a highly demagnified image, then a source 

with a thick ion exit slit could be used. Such a source could be used 

to advantage in mass spectrometers where there is no source resolution- 

slit. However, for a given accelerating voltage, the maximum efficiency 

of this sourceis no larger, because the larger linear demagnification is 

gained at the expense of the angular demagnification.
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4.3 SOME VARIABLES NOT INCLUDED IN THE COMPUTER ANALYSIS 

The computer analysis, as presented so far, has included a number of 

the more important variables which govern the source performance. In 

the following sections, some of the variables not included in the 

computer analysis are considered; thereby, it is possible to determine 

the way in which they might modify the conclusions already obtained. 

4.3.1 Backward-Moving Ions 

The ray-tracing part of the program has been particularised for forward 

moving ions only. Since an ion, at its point of production, may have 

a velocity in any direction, there will be as many ions initially 

moving towards the repeller plate ('backward' moving ions), as moving 

away from the repeller plate ('forward' moving ions). The fate of 

backward-moving ions in an electron bombardment source may be considered 

by an approximate analytical method. 

It is iskiked that the ion of energy Ej, initially starts out from a 

point A, in a uniform, retarding electric field X, and at an angle ~ 

to the backward horizontal (figure 4.18 (a)). Since the field is 

assumed to be uniform, the ion will describe a parabolic path; 

elementary theory shows that it will cross the point B with the same
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Ei = -0-04eV 
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FIGURE 4.18 APPROXIMATE TRAJECTORIES FOR BACKWARD 
  
  

 



energy as it had at A, but will be travelling in direction making an 

angle Xp» to the forward horizontal where 

It can also be shown that the maximum displacements S, and S, in the x 

and y directions are given,respectively, by the equations: 

Sy = ok, sin 2a 

- 

Sy = BR sino 

x 

S, has a maximum when %« 1/4, and Sy has a maximum when d= 1/2, 

With this information it is possible to sketch in the approximate paths 

of ions of initial energy -0.04eV. Figures 4.18 (b), (c) and (ad) show 

such sketches for repeller voltages of -1.00V, -—3.12V and <3.20V. In 

each case ions starting out with initial directions of 45°, 76° and 90° 

have been given. The fields X have been obtained from the computer 

print-outs of potential and its derivatives for the appropriate repeller 

voltage. A fieid X indicates that the field is the mean value over the 

jon path.
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For repeller voltages greater than -1.00V, a wedge of backward—moving 

ions, with a semi-angle ol; , behaves in exactly the same manner as a 

similar wedge of forward moving ions, except that the effective starting 

point of the cone is displaced a small distance back from the real 

starting point. 

For more negative repeller voltages, down to about Vr = -—3.12V, the 

backward-moving ions may still all be withdrawn from the ionization 

region, although the effective starting point of an ion, D and E, for 

example, in figure 4.18 (c), is further removed from the true starting 

point. An ion starting at E will cross the object plane two-thirds of 

the way down from the top of the object. Thus the effect of the back- 

ward~moving ions will be to make the object, and subsequent images, more 

diffuse. The effect is neslindvie for a > -1V,but significant for 

When the repeller voltage is reduced still further to Vr § -3.2V 

(figure 4.18 (a)) some backward-moving ions have sufficient energy to 

surmount the potential barrier, which has its peak at V' = 0 (see 

broken lines in figures 4.18 (4) and 4.18 (d)}, This results in a 

reduction in the number of ions extracted, and the source efficiency 

drops.
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When Vr # -4V all the backward moving ions are collected by the 

repeller plate. 

Quantitatively, inclusion of the effect of the backward moving ions, 

results in a repeller curve for which the left-hand side of the peak 

falls-off more rapidly than in those curves which have been given 

hitherto. The basic characteristics of the curves are unaltered. 

4.3.2 Source Magnetic Field 

The electron beam of an electron bombardment source is confined by a 

magnetic field, whose lines of force are parallel to the path of the 

electron beam (see figure 2.2). For conventional electron bombardment 

sources, this field may be cotvees 300 and 500 gauss. Although an ion 

of mass 100 is almost 200,000 times heavier than an electron, the source 

magnetic field could be expected to have some effect on the ion 

trajectory. 

Naidu and Westphal (1966 II, p.656) have considered such an effect, and 

found that even for a magnetic field of 104 gauss and a hydrogen ion 

(M = 1 a.m.u.), the effect is small, Similar conclusions were reached 

by Reinders, 2ilverschoon and Kistemaker (1952) in their analysis of an 

isotope separator ion source, and also by Ryan and Terry (1965). 

It would therefore appear justifiable to ignore the interference of 

the ion beam by the source magnetic field.
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4.3.3 Ion Space-charge 

The ion currents emitted from an electron bombardment source do not 

generally exceed 1077 amps. Typically the ion beam cross-sectional 

area is 3 x 1074 om’, so that the charge density of the ion beam is 

usually no more than 3 x 107° a.om™*. For electron guns, emission 

currentg densities of 5 A.cm™* are often used (Haine, 1961, p.116), 

but with such beam densities, electron space-charge plays an important 

part in any subsequent focusing of the beam. For ion guns, where the 

current densities are a factor of 108 smaller, it is unlikely that 

space charge within the ion beam will cause significant beam spreading. 

4.3.4 Electron Space-charge 

Since lines of electric force may terminate on the electrons in the 

electron beam, the presence of the electron beam will alter the 

potential distribution generated by eitt-abertuae system. This problem 

will be acute when the perveance aby aubeciee beam is close to the 

maximum perveance, since then the electron beam can be considered to 

form an electrostatic screen between the main extraction field and the 

repeller field. The theoretical calculations are difficult, and for 

this reason the next section considers the problem on an experimental 

basis.
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4.4 Conclusions 

Numerical ray tracing through an electron bombardment source analogue 

can be used to calculate the real and virtual image positions, linear 

and angular demagnifications and ion residence-time. An approximate 

analysis yields a theoretical repeller curve displaying the main 

characteristics of the well-known two-maxima experimental curve. The 

maxima are shown to result from the presence of one, two or three real 

images of the ion object, the number present depending on the repeller 

voltage chosen. 

Further ray tracing demonstrates that the source efficiency for any 

geometry or abject plane position, but with a carefully chosen set of 

voltages on the electrodes is approximately the same, for given initial 

and final energies. Conversely, it can be concluded that for given 

voltages on the electrodes, there are relatively few geometries for 

which this optimum efficiency would be obtained. In each case the 

optimum efficiency has a value determinedprincipally by the initial and 

final ion energies. There is therefore no ‘optimum' source geometry, 

which gives higher efficiency than any other source geometry. These are 

exactly the same conclusions reached by Haine and Einstein (1952) in an 

experimental study of electron guns, in which brightness was shown to 

be invariant to filament position and gun geometry, provided that the 

optimum bias was chosen.
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5 ~ EXPERIMENTAL ANALYSIS OF E.B. ION SOURCES 

The theoretical analysis presented so far gives a detailed understanding 

of the focusing action taking place within the source. In the following 

sections the overall sensitivity for the mass spectrometer in amps per 

torr, is calculated and then compared with the experimental value. It 

is shown that while agreement is good at low electron ioniSing currents, 

much higher ion currents and completely different source characteristics, 

are obtained at high electron currents. Using as a basis the ideas 

developed in the previous sections, it is shown that this effect is due 

to the electron space-charge, a factor omitted in the theoretical 

analysis of sections 2, 3 and 4. Although most of the experimental 

investigation was carried out with an AEI electron bombardment source 

on the MS902 mass spectrometer (see photograph opposite), the conclusions 

obtained will be valid for any Nier-type ion source. 

5-1 ION PRODUCTION, AND ION TRANSMISSION AT LOW ELECTRON CURRENTS 

In the introductorychapter to this thesis, it was stated that the ion 

production efficiency of the source and the ion transmission efficiency 

of the mass spectrometer were each approximately 0.1% To derive these 

figures it is necessary to consider the details of the sample inlet 

system and the ion collector device used in the experimental analysis.
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5.1.1 Ionisation Gauge Calibration 

Before the sensitivity of the source can be determined, it is necessary 

to have some means of accurately measuring the pressure in the source 

ionisation chamber. The Bayard-Alpert (1950) ionisation gauge provided 

on the mass spectrometer is sited in a flange positioned above the 

nitrogen cold-trap of the source oil-diffusion pump (see figure 5.1A)3 

the pressure at this point is substantially less than that in the source 

ionisation chamber. However, the pressure recorded on the gauge will 

always be a fixed proportion of the true pressure in the source. The 

simplest way to determine the conversion factor is to calculate first, 

the pressure rise in the source ionisation region resulting from a 

measured quantity of sample admitted through an inlet system. This is 

then compared with the pressure rise noted on the source gauge. 

The sample system most used by the organic chemist is the direct 

insertion probe. To use this, the sample powder under analysis is 

placed on the quartz or pyrophilite tip of the probe. A system of 

rough and fine vacuum locks then enables the probe to be easily inserted 

into the ionisation chamber, where evaporation of the sample can be 

controlled by the source chamber heaters. However, because the rate of 

evaporation of the sample is unknown, this method of ion production is 

unsuitable for the detailed analysis of the source sensitivity. Use 

was therefore made of the cold inlet system — one of the alternative
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systems provided on most mass spectrometers. This system, used for 

samples which are gaseous at room temperature, introduces the sample at 

a constant rate to the ion source, thereby producing an ion current 

constant with time. The M5902 cold inlet system is shown diagrammatically 

in figure 5.1B. It consists of a three-way manifold assembly, a mercury 

doser, a 2—litre reservoir flask, a standard sintered—glass leak and a 

two inch oil-diffusion pump. 

Therefore, to determine the calibration factor for the ionisation gauge, 

the sequence of operations required to pass a sample to the source by 

way of the cold inlet system will be considered. With valve V23 closed 

and all other valves open, the inlet system is allowed to pump down; 

valves V22 and V24 are then closed and V23 opened slowly until just 

over 8 cm of air are registered on the mercury manometer. (This is 

usually termed ‘one dose of air'). When V23 is closed, air will be 

pumped out through the sinter in the doser until the mercury reservoir 

level rises to seal it. V43 and V44 are now closed, and V22 opened to 

allow the 10 cc of air at 80 torr mercury pressure to expand into the 

two-litre reservoir flask. The pressure, Pp, of the air in the flask 

will thus be:— 

Pa = 80 x 10 = 0.40 torr 

2000
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Valve V43 is opened, and the reservoir gas is allowed to pass to the 

source through a sintered-glass leak which has a leak-rate of 0.030 litre 

1 

torr sec™' measured against atmosphere (760 torr). For such a pressure 

difference, there will be approximately equal portions of viscous flow 

and molecular flow through the leak. In the cold inlet system, where 

there is only 0.40 torr pressure difference across the leak, there will 

only be molecular flow. Thus the quantity of gas per second, Q, passing 

through the leak will be approximately 

Q = 0.030 x 0.40 litre. torr.sec™! 
a eS 

6 vi Rete S16. litre.torr.sec.' 

From the leak, the sample gas passes through glass pipework, to the 

sample inlet port of the ionisation chamber block (see figure 1.6). 

There is a small gap of about 07020 between the end of gas inlet—line 

and the source ionisation chamber, to allow easy removal of the source 

flange (see figure 5.1A). lMerren (private communication), using a 

retractable inlet-line, has shown that approximately 45% of the sample 

is lost through this gap. Therefore, the quantity of gas per second 

6 litre.torr.sec.' The flowing into ionisation region is 4.3 x 10 

volume of gas per second flowing out is 1.4 litre.sec.~' (Banner, 

private communication) , and therefore, from equation (1.3) of section 1;



is 

the resultant gas pressure p in the ionisation chamber is given by: 

p %4.3 x 1075/1.4 

= 3.0 pt 

The recorded pressure rise on the source ionisation gauge for the same 

amount of sample (1 dose) is 0.30pT, and hence there is a pressure 

differential of approximately a factor of ten between the source 

ionisation chamber, and the source ionisation gauge. 

5.1.2 Ion Production Efficiency 

The ion production efficiency is defined as the ratio of the number of 

ions per sec, a”; generated in the source, to the number of molecules 

per second, Q, flowing into the source ionisation chamber. To calculate 

Q for a given rate of sample usuage, use is made of the gas equation 

written in the following form: 

PV = 1.04 x 107'9 nf 

where P is the pressure in torr exerted by n molecules contained in an 

273°K 
enclosure volume Vcc, at a temperature T degrees absolute. Thus at 27°€, 

1 litre torr/second 2 3.52 x 10'7 molecules/second
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Now a pressure of 3.0u% in the source ionisation region is created by a 

gas flow-rate Q, of 4.3 x 1076 litre torr/second (section 5.1.1) which, 

with the use of above equality, can be written as 

Q=1.5x 1014 molecules/second cece (5.1) 
  

The number of ions produced from this gas influx may be calculated from 

the Compton and Van Voorhis equation (1.2) given in section 1. For a 

7OeV, 500A electron beam travelling a distance of 1.9 cm through nitrogen 

’ ey: the number of ions produced per second will be (N = 9.0 cm 

It = 9.0 x 500 x 107° x 1.90 x 3 x 1076 

1.60 x 1079 

» t= 1.6 x 10" ions/second 

  

  

Thus the ion production efficiency 1*/a, of the ion source, operating 

under these conditions, is approximately 0.1%. The ion production 

efficiency is proportional to the electron ionising current. 

5.1.3 Measurement of Ion Current 

A plate collector and an electron multiplier collector are usually 

provided to record the ion current atagiven mass. The plate collector 

is used for calibration of the electron multiplier gain, and for
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quantitative ion current measurement. The electron multiplier, placed 

at a slightly different magnetic analyser radius, is used for high 

resolving power (H.R.P.) operation in which narrow slits must be used. 

Gains of up to one million may be used to detect the ion current 

arriving at the first dynode. 

For the present work, wide slits and low resolving powers are quite 

adequate and so the plate collector has been used, avoiding the necessity 

of calibrating the multiplier gain. A schematic diagram of the plate 

collector and its associated amplifier is shown in figure 5.2. Ions 

reach the plate collector after passing through the collector slit and 

electron suppressor slit. The latter is at a potential of -85V with 

respect to the collector slit to repel back to the collector any 

secondary electrons escaping from it. The collected ion current passes 

to earth through a 40 kilomegohm resistance, developing across it a 

voltage which can be amplified by one, to one thousand times in the 

steps shown in the figure. The output voltage is displayed on a 40V 

F.5.D. moving-coil meter. With an amplifier gain of times one, a full 

scale deflection on the meter corresponds to 107? amp of collected ion 

current. The smallest current that can be measured on the plate 

coliector system is therefore approximately 107'4a, This is equivalent 

to the arrival of singly-charged ions at a rate of approximately 109 

ions per second.
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5.1.4 Ion Transmission Efficiency (Experimental) 

The ion transmission efficiency is defined as the ratio of ion current 

collected at the mass spectrometer collector, to the total ion current 

produced in the source. Consider an MS902 mass spectrometer with an 

electron bombardment source operating under the following conditions: 

Accelerating Voltage Vacc = 8kV 

Source temperature 7 = 150% 

Source slit width Ws = 02001 

Electron energy Ve «= 70eV 

Source Z-restrictor Zs = Of050 

Electron trap current In = 20pA 

First repeller maximum. 

For a sample of air introduced to the source, through the cold inlet 

system, and which causes a pressure rise of 3.0ut in the ionisation 

region (0. 30pt source pressure gauge), the collected molecular nitrogen 

(m/e = 28) ion current at the plate collector is typically of the order 

of 

6.0 x 107134
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Therefore, the collected ion current per unit pressure rise in the source 

(the 'sensitivity'), I+/p is given by the expression: 

It/p moe.0 xX 1077 Amp. Torr! e@eece (5.2) 
  

The ion current 7. per unit pressure rise p, produced at the electron 

beam may easily be determined from the Compton and Van Voorhis equation 

(1.2). For a 70eV, 20mA electron beam travelling a distance of 1.9 om 

through nitrogen (N = 9.0 om™! r), I*/p is given by the equation: 

It/p = 9.0 x 20x 107 x 1.9 Amp. Torr! 

or It/s = 364 x 1074 Amp. Torr”! eocoe (5.3) 

From equations (5.2) and(5.3)it may be deduced that the transmission 

efficiency Ex, of the mass spectrometer from the point of ion production 

to the plate collector is: 

By = 0.06% cite oe 

In the next section a comparable figure will be calculated. Use will 

be made of the ion-optical theory developed in the earlier sections of 

this thesis.
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5.1.5 Ion Transmission Efficiency (Theoretical) 

With the MS902 operating under the above conditions, the ion current 

produced at the electron beam is reduced significantly by loss at three 

apertures before it reaches the plate collector. Figure 5.3 illustrates 

the three situations. 

When the source operates with 2QuA electron current, experiment shows 

that the ion beam is O!0079 broad (y) at the source resolution-slit 

(see figure 5.16). For a 0001 wide resolution-slit, only 12.6% of the 

ion beam would be allowed through, as shown in figure 5.3 (A). From 

figure 4.17 it is seen that the demagnification of the ion optical 

system at 8kV accelerating voltage is 0.126, and hence the x length of 

the electron beam, which is also the ion ‘object height', is 1.6 mm. 

This will be termed the 'hot~-length' of the filament wire, which 

physically is 3 mm long. 

The angular aperture loss at the point of ion production has already 

been described in section 4.1.4. Operating at the first repeller 

maximum, and at 8kV accelerating voltage, the acceptance wedge is 39° 

for forward-moving ions and has a value of between 20° and 39° for 

backward-moving ions (see figure 5.3 (B)). To estimate the acceptance 

wedge for backward—moving ions, use has been made of the calculations 

in section 4.3.1., and in addition it has been assumed that all of the
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transmitted backward-moving ions cross the x-axis within the limits 

x = * 0.8 mm; this corresponds to the length of the hot part of the 

filament. Since an ion is assumed to have an equal probability of 

moving off in any direction (see section 3.3) the angular transmission 

is 20.3% (figure 5.3 (B). 

A further consequence of random initial direction of the ions is that 

a large number of ions will have a significant Z velocity. As there is 

no Z-focusing in the mass spectrometer system, the problem is to consider 

the drift path of an ion with 0.04eV Z-energy. Figure 5.3 (C) shows the 

Get iyent 2 apertures in the MS902 mass spectrometer. Half an inch away 

from the electron beam is the source z-restrictor, Sz, of aperture 

O'050. The other Z-apertures are the monitor aperture (0%100) 34” from 

the source, and the collector aperture (0200) 78" from the source. For 

an ion with 8kV forward energy, the angle of deviation between its path 

and the axis is (0.04/8000)® = 0.00224", This results in a 0"37 beam 

spread at the collector and 54% transmission through the collector slit. 

A more significant loss of ions occurs at the source Z-restrictor; of 

the ions produced along the 09750 long electron beam, no more than a 

0050 long segment of ions passes through the restrictor (figure 5.3C). 

Thus the overall transmission through the Zapertures of the mass 

spectrometer is 54/15 = 3.6%,
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A small amount of ion loss occurs as a result of the finite width of 

the electron beam; at a given repeller voltage, the acceptance wedge 

for ions leaving the centre of the electron beam is larger than that 

for ions leaving the front or the back of the electron beam. This is 

examplified by the repeller curves shown in figure 4.11. The ion loss 

resulting from this cause is approximately TE. 

The overall ion transmission for the mass spectrometer Eng? is the 

product of these individual ion transmissions. Thus: 

or Eng = 0.085% 

This is in good agreement with the experimental value of efficiency 

of 0.06%. The difference between the two estimates is probably the 

result of the combined effects of the experimental error in E,, and the 

approximations made in the theoretical treatment for deriving Eng: 

At high ionising electron currents (25004), the ion transmission 

efficiency increases by at least a factor of ten. The details of this 

phenomenon will be described in section 5.2.
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5.1.6 Summary and Conclusions 

The true pressure in the ionisation chamber of the MS902 electron 

bombardment source is approximately ten times that recorded on the 

source ionisation gauge. 

At 500nA electron current, the ion production efficiency — defined as 

the ratio of the number of ions per sec denbvated th the source to the 

number of molecules per second flowing into the ionisation chamber = is 

approximately 0.1%. Ion production efficiency is proportional to the 

ionising electron current. 

At low ionising electron currents (¢ 2QuA), the ion transmission 

efficiency - defined as the ratio of the ion current collected at the 

mass spectrometer collector to the total ion current produced in the 

source — has an experimentally determined value of 0.06%. The 

theoretical value is 0.085%. The agreement between the two is good; 

the difference probably results from the combined effects of 

experimental error, and the approximations made in the theoretical 

treatment. The theoretical analysis shows that the overall ion loss 

results from losses at the apertures listed below: 

Transmission 

(a) y-aperture (resolution slit) 12.6% 

(bo) y-angular aperture (alpha slit) 20.3%
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Transmission 

(c) Z-angular aperture 54.0% 

(a) Zaperture (source Z-restrictor) 3.6% 

(e) Finite width of the electron beam 92.5% 

Although the ion transmission is constant at low electron currents, 

it increases by more than a factor of ten at high electron currents 

(2500uA). The details of this phenomenon will be described in the 

next sections.
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5.2 EFFECTS OF ELECTRON SPAVE-CHARGE 

5.2.1 Introduction 

As the ionising electron current in an electron bombardment source is 

increased from 20 to 500pA, the ion current arriving at the mass 

spectrometer collector (hereafter called 'collected ion current’), 

frequently increases at a fan greater rate than expected. A typical 

experimental curve is given in Figure 5.4, where the collected ion 

current is given as a function of electron trap current. The initial 

rise in collected current is 3.0 x 10713, per 10pA of electron current, 

but after a transition region situated between 20 and 500uA, the rise 

is 30 x 107'3A per 10pA of electron current, and this increase continues 

to at least 2 m.a. electron trap current (the largest current obtainable 

from the filament power supply used by the author). 

The Compton and Van Voorhis equation (1.2) indicates that the number of 

ions produced in the ionisation region is proportional to the electron 

current. Now, since the ion transmission efficiency should be independent 

of electron current, the collected ion current should/be proportional to 

the ionising electron current. However, in practice, this is not the 

case, and in the following analysis it will be shown that the effect is 

attributable to the properties of electron space-charge. Overall ion 

transmission, and collected ion current increase, because a greater
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proportion of the ions produced is able to pass through each of the 

limiting apertures of the mass spectrometer. 

Many other characteristics of the source also change with increasing 

electron current. Figure 5.5 shows the change which occurs in the 

shape and position of the conventional repeller curve, when the electron 

trap current is changed from 2QnA to 500A. 

For the purposes of comparison, the collected ion currents given in the 

following sections have been normalised; under the following conditions: 

(a) Accelerating Voltage, Vacc = 8kV 

(b) Source Temperature, Ts = 150°C 

(c) Source Slit Y-width, Ws = O%001 

(da) <A sample of air giving a pressure rise of 0.3pT on the 

source pressure gauge (1 dose), 

and all other controls optimised, the collected nitrogen 28 ion current 

has been normalised to 1500 x 107134, for an electron trap current of 

500pA. In practice this figure varied between 1200 and 1800 x 107'3a, 

the variation resulting mainly from the imprecision in setting up the 

width of the adjustable source-slit, and in obtaining a given pressure 

of Nitrogen in the ion chamber. Similarly,the collected Nitrogen 28
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ion current at 10mA electron current and 70eV electron energy under the 

above conditions is normalised to 3.0 x 10713a, although the actual 

value was usually in the range 2.4 to 3.6 x 10713,, 

In the following sections, the origins of the greatly increased collected 

ion current are deduced by comparing and contrasting the characteristics 

of the source at high and low electron currents. 

5.2.2 Electron-node Formation 

The electron beam of an electron bombardment ion source is confined by 

a magnetic field created by permanent magnets, placed at either end of 

the source ionisation chamber (see figure 2.2). The magnetic field 

embraces the accelerating region, dritt region and collection region of 

the electron beam, and so the system is of the “immersed flow" type 

(Brewer, 1967, p.81). For this type of flow, each electron will rotate 

about a particular line of magnetic flux, rather than about the axis of 

Aes icy of the gun, as happens in the case of “Brillouin flow". In 

the study of electron beams in ion sources, the real interest is in the 

overall shape of the electron beam rather than in the trajectories of 

individual electrons. The electron beam will be "scalloped", the amount 

of scalloping depending on the initial electron velocities perpendicular 

to the magnetic field, and also on the strength of the field (Herrmann, 

1958). Figure 5.6a shows a diagram of the beam scalloping which would
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be expected to occur in the M5902 electron bombardment source for a 70eV 

( = Ve) energy beam with a 465 gauss confining field ( «= B). Nodes are 

separated by a distance d where 

d= 21.19 (V)® oms. os (5.5) 
B 

  

and therefore, d = 0.38 cm. 
  

Each electron with an energy Vy, (eV) perpendicular to the lines of force 

will perform a circular motion about a line of force with circle radius, 

Yr, given by the expression 

re= S60: (Va s CMe eeeoe (5.6) 

B 
  

For V, = 0.20eV (2048°C), r = 0.034 mm. The depth of the scallops in 

the electron beam therefore will be approximately 0.07 mm as shown in 

figure 5.6A. (Note: equations 5.5 and 5.6 are derived in Appendix V).
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It is conventional to electronically stabilise the filament current 

supply in such a way that a constant electron trap-current is obtained. 

However, because the cross-sectional area of the electron beam is not 

constant, the percentage of electron current passing through the trap 

restricting-plate (Tp in figure 1.5), varies as the electron energy 

varies. Therefore, if electron trap-current is to be maintained 

constant, a change of electron energy will result in a small change in 

the total current passing across the ionisation region. This causes 

fine structure on ‘ionisation curves' - curves of collected ion current 

as a function of electron bombarding energy — as has been demonstrated 

by Flesch and Svec (1966) and by Henderson, Riley and Sedgwick (1966). 

Figure 5.6B shows the ionisation curve obtained on the MS902 electron 

bombardment source with an electron trap-current of 20nA. This should 

be compared with the correct ionisation curve for nitrogen obtained by 

Compton and Van Voorhis (1925, 1926), as shown in figure 1.4. The 

ripple occuring at 50eV on the curve obtained on the mass spectrometer 

(figure 5.6B) is caused by the afore-mentioned effect. The curve will 

not be examined in more detail, as it has been adequately treated in 

the literature cited above.
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5.2.3 Ionisation Curve at High Electron Currents 

At high electron trap-currents (2 500A) , the ionisation curve is 

considerably different to that at low electron trap currents (< 20mA). 

To examine the fine structure of a 50QuA curve, for example, it is 

convenient to first eliminate the voltage-dependent ionisation efficiency 

and the ripples apparent on the 20nA curve. This is achieved by dividing 

each point on the 500pA curve by the value of the "normalising constant" 

for the corresponding electron energy on the 20QmA curve. The normalising 

constant, shown on the right-hand ordinate of figure 5.6B, is itself 

derived by normalising the ion current values to the value at 70eV. 

Figure 5.7 shows a Nitrogen ionisation curve at 500QmA electron trap- 

current normalised in such a manner. The corresponding 20pA curve, 

taken on the same source and mass spectrometer immediately after the 

500nA curve, is that already shown in figure 5.6B. From the 500mA 

electron current curve, it is seen that the normalised ion current 

exhibits a strong dependence on the electron energy. The periodicity 

suggests that the structure is, in some way, connected with the 

scalloped structure of the electron beam.
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An approximate analysis of the electron gun, using the computer program 

described in section 2 and 3, has shown that the apparent image of the 

filament is formed at between 0.1 to 0.2 mm in front of the filament, for 

all accelerating voltages between 30 and 100eV. The distance between 

this first image, and the centre-line of the source, is therefore 

(11.2 + 0.5) mms, allowing for the imprecision in setting up the filament. 

Assuming that electron image-formation is responsible for the maxima and 

minima of the 500pA curve, then by using equation 5.5 it can be shown 

that for each turning—point ot the curve in figure 5.7, there are a 

complete number of half-nodes 2n,;, formed between the first image and 

the centre-line of the source. The results are presented below in 

tabular form, 

  

  

Ve a Lr ne 

(21V) mm 

93.0 4.54 2.46 2.5 

62.5 3.72 3.01 3.0 

45.0 3.16 3.54 3.5 

34.0 2.74 4.09 4.0             

where n = 11.2/d. There is a random error of 1 v. in each 
calc. 

voltage measurement, while every 'n' value may have the same systematic
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error of up to 8%, resulting from the uncertainties in the values of the 

magnetic field, and the distance between the first image and the centre—- 

line of the source. There is good agreement between n and Nye Figure 
calc 

5.8 gives diagrammatically the nodal patterns for the four voltages in 

question. The nodes ('images') are represented by the dark circles; the 

first node is situated on the left-hand side, just in front of the 

Pilament, and the last node just to the left of the trap collector—plate. 

A control which requires adjustment when the electron current is changed, 

is the one provided to correct for misalignments of the mass spectrometer 

system in the non-focusing Za vediion, Correction is achieved by 

applying a potential difference between a pair of deflecting plates. 

situated between the source resolution-slit and the electrostatic 

analyser (e.s.a.) plates (see figure 1.34). This Z-deflecting system 

oaaae also be used to re-align ion beams which have a Zcomponent of 

velocity. The lower graph on figure 5.7 shows the Z—deflecting field 

(in arbitrary units) required for maximum ion current, as a function of 

the electron accelerating voltage; curves for 10pA and 500pA electron 

trap current are shown. It is seen that the Zdeflecting field for the 

low electron current is at a fixed value of +1.2 and is independent of 

the electron energy. It is reasonable to suppose that this is the field 

required to overcome the permanent Z—-misalignment of the mass 

spectrometer system.
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However, the 500pA optimum Z-curve shows considerable variation in 

sympathy with the variations in the ion current curve shown just above 

it. Furthermore,this Z—curve oscillates about the 20uA Z-curve, indicating 

that at high trap currents the total field required across the Z—deflecting 

plates is the sum of the cross-field required to correct system 

Z-misalignment, and that needed to correct for Z-velocity. For the mass 

spectrometer used in these experiments, a positive field corrects for 

ions with a Zvelocity in the filament-to-trap direction; a negative 

field corrects for ions with velocities in the opposite direction. Thus 

at the maxima in ion current, the ions emerge from the electron beam with 

a velocity in a direction from the filament to trap. Since the electron 

space-charge forces will be weakest at the electron beam antinodes, the 

ions will emerge at these points. The 62.5 and 34eV diagrams in figure 

5.8 show possible paths (diagrammatic only) for ions emerging from the 

electron beam. 

At the 45eV minimum, the ions emerge with the opposite Z velocity, and 

the possible ion paths are shown in (C) of figure 5.8. The minimum at 

93eV is a special case, for it is to be noted that two maxima in ion 

current occur at opposite polarity Z-fields (see figure 5.7). For 

voltages less than 93eV, the ions are more easily extracted from the 

trap-side, while for voltages more than 93eV, filament-side ions escape 

more easily. When the true minimum is reached, an antinode is exactly 

on the centre-line of the system and ions emerge with zero Z-velocity 

(Z = +1.2). The appropriate paths are shown in figure 5.8 (A). A 

similar ‘cross-over’ situation was not observed for the 45eV minimun.
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It is logical to correlate the ion currents obtained at maxima and 

minima to the number of antinodes, N, from which ions emerge. Thus, 

if it is postulated that the ion current per antinode is 500 x 10713, 

then the 93eV minimum in ion current results from ions emerging from 

one antinode; the 62.5eV maximum, the sum from three antinodes; the 45eV 

minimum from two antinodes, and the 34eV maximum from three antinodes. 

The experimental and theoretical values are compared in the table below. 

The agreement is good. 

  

Ve N na dey 

(Theor) (Expt) 
  

93.0 1 500 400 

62.5 3 1500 1500 

45.0 2: 1000 980 

34.0 3 1500 1400             
5204 Space-Charge Barrier 

The presence of electron space-charge in an electron beam reduces the 

potential at the centre of the beam relative to the potential at the 

perimeter, and a potential well is formed. For magnetically—confined 

electron beams, larger electron current-densities will cause larger
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potential depressions in the electron beam, until the point of space=- 

charge collapse is reached (Brewer, 1967). If ions created near the 

centre of the electron beam are to be extracted, it is necessary to 

distort the potential well with external electrostatic fields; use of 

larger electron current-densities will require greater extraction fields. 

Figure 5.9 shows the collected ion current as a function of the mean beam— 

centring voltage ratio, R = Vegc/Vaces for low (10mA) and high (50QuA) 

electron currents. For each value of R the repeller voltage has been 

set for maximum ion current. It is seen that to maintain maximum 

sensitivity, when changing from low to high electron current, a decrease 

of the mean beam-centring voltage ratio is required. This has the effect 

of increasing the proportion of accelerating field leaking into the ion- 

isation chamber, thereby giving an increased extraction field at the 

electron beam. 

To obtain more precise information on the magnitude of the space-charge 

potential depression, the results presented in figure 5.10 were 

experimentally obtained. The mean beam—centring voltage required for 

maximum sensitivity, is plotted as a function of the reciprocal of the 

accelerating voltage, for several values of electron ionising current. 

For a given electron current, it was found that the repeller voltage 

could be kept constant without logsing more than a few percent of the 

ion current.
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Each curve is, to within the experimental error, a straight line,with each 

line passing through the same point R = 1.02 of the ordinate axis. 

Therefore, each line obeys an equation of the form: 

R cad Veo = Ve + 102 

Vace Vace 

where V, is a constant, dependent on the electron current and having the 

dimension of voltage; it is independent of accelerating voltage. 

Therefore, the source will operate at optimum sensitivity provided that 

the mean of the voltages provided on the beam—centring plates has a 

value given by the above equation. This can be achieved by supplying 

the voltages to the source electrodes in the manner shown in the inset 

to figure 5.10. The accelerating voltage V,,, is taken from a tapping~ 

point on a high resistance chain connected across the accelerating 

voltage supply, which has an output of Vi, volts; Vi,, is equal to 1.02 

Vace- A further fixed voltage supply V, (344.4 for 500nA electron 

current) is connected between Vaoc and the beam—centring plates. The 

circuitry required to apply a field across the beam-centring plates has 

not been shown. The tapping-point on the high resistance chain, and the 

value of V, will be different for different source geometries.
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From the graphs of figure 5.10 and that of figure 5.11, it is possible 

to determine quantitatively the potential depression in the electron weam. 

Figure 5.11 gives the repeller voltage at maximum sensitivity, as a 

function of the mean beam-centring voltage, for 20uA electron current. 

From this graph, it is possible to determine the change in repeller 

voltage AVy, required to maintain a given field at the electron beam, 

when the mean beam-centring voltage, B, is changed by a given amount. 

Lt te: 

AV. = 0.0114 

AB 

If the repeller voltage is changed by AV.,., the field at the electron 

beam, V!, will change by AV,/3.2. Thus: 
2 r 

Vi = AV,,/3.2 

Eliminating AVy from these two equations gives: 

Vy = 0.0036 AB 

This is the change in field occuring at the electron beam, when the 

mean beam-centring voltage is changed by AB, the repeller voltage being 

kept constant. Figure 5.12 shows the field required (right-hand 

ordinate) at the electron beam to overcome the space-charge barrier, as
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a function of electron trap current. The left-hand ordinate shows the 

corresponding value of the excess voltage required on each beam—centring 

plate to produce this field. The form of the curve at low trap currents 

is similar to that observed by Brubaker (1955) and Clampitt (1966). 

The theoretical space-charge density which exists in a magnetically— 

confined, cylindrical electron beam, completely filling an equipotential 

tube, has been given by Haeff (1939) and by Smith and Hartmann (1940). 

(See Pierce, 1949, p. 161). Baker and Hasted (1966) have extended this 

analysis, and have given an approximate expression for the potential 

depression AV volts, at a radius r of a beam of radius a. 

Vede Re 
i (AU EO. me 

volts eoece (5.7) 

  

where Ie is the electron beam current (Amps) 

Vo is the electron beam energy (Volts) 

Ey is the permittivity of free space (farad. m1) 

9 is the charge-to-mass ratio of the electron (coul. kg™!) 

Inserting the explicit values of the constants into equation 5.7, gives 

the following expression for the potential depression at the centre of 

the electron beam:- 

vi; = 15,100 ° Ie volts eoe000 (5.8) 

Vo! 
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The electron beam of the MS902 source is a rectangle approximately 0.4mm 

wide by 2mm broad. Suppose this may be divided into five cylindrical 

tubes, each carrying one fifth of the total current; then for a 500pA, 

62eV electron beam, the potential depression at the centre of each of the 

O.2mm radius tubes is 

V = 15,100,10°*= 0.19 volts 
v2 

Therefore, the field required to overcome this potential depression will 

be approximately 

(Ve) ey % 0019/0.2 = 0.95 V mm! ones (5-9) 
  

From figure 5.12, the experimental value of the field required to 

overcome space charge in a 500pA, 62eV electron beam is 

(Vi)ax = 1-25 £0.14 volts. mm! etre (5.10) 
  

The agreement is good, and it may be deduced that the field which 

overcomes the space-charge barrier, is mainly that produced by the 

leakage of the main accelerating field into the ion chamber. The ion 

repeller voltage plays a relatively minor role in this process; the
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reduced repeller voltage required at high electron currents (see figure 

5.5), probably has the effect of compensating for the physical displacement 

of the electron beam caused by the increased extraction field. 

Alternatively,the repeller voltage change may serve to enhance the shape 

of the electron beam antinodes, so that larger ion currents can emerge 

from the ionisation region. 

5.2.5 Relationship between ion current and pressure 

The ion current emitted from the ion source does not always increase 

linearly with pressure in the way specified by equation 5.2. A study 

of this was first given by Baker and Hasted (1966). In their work on 

the production of multiply-charged ions in the space-charge well of the 

electron beam, they showed that the ion current/pressure relationship 

was complex, obeying different laws for different conditions. Of 

relevance to this work is their concept of 'trap—area' and ‘free area’ 

(p.36). The former term refers to the zone in the electron beam in 

which the potential barrier is sufficient to trap ions moving with their 

thermal velocity. The ‘free-area’' zone is that in which ions have 

sufficient thermal energy to escape any potential barrier. The trap 

area will form the core of the electron beam and the free area the 

perimeter of the electron beam.
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The ideas of trap-area and free-area ions may be extended, and they are 

of particular help in explaining the pressure-dependent characteristics 

of the electron bombardment ion source in the range 1 to 10pt nitrogen 

pressure in the ionisation chamber (hereafter termed ‘source pressure‘). 

Figure 5.13 shows the collected ion current as a function of source 

pressure for low and high electron currents. For 20mA electron current, 

the ion current is proportional to the pressure and thus obeys equation 

5.2. This is not so for 500mA electron current, for after an initial 

rise in ion current of 1.80 x 107104, dose™! (1 dose = 3nT source 

pressure), the rate of increase in ion current approaches a value of 
ee 

0.22). dose~! at a source pressure of 10nT . This curve may be divided 

into two parts, as shown by the broken lines on figure 5.13. The first 

part may be attributed to ions which emerge from the weil in the 

direction of the source resolution-slit. These will be termed the 

‘trap-area' ions, since they have emerged from one small exit point in 

the electron beam antinode. The second part of the curve may be 

attributed to the ‘free-area’‘ ions, which originate from those parts 

of the electron beam surrounding the trap area. It is seen that the 

free-ion current intensity increases linearly with pressure, while the 

trapped—ion current reaches a maximum value, and stays constant what—- 

ever the source pressure thereafter.
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The breakdown of the 500uA curve into two portions as described above, 

is substantiated further by the results given in figure 5.14, and which 

were taken on the same source and soon after the results given in 

figure 5.13. The curves show the collected nitrogen 28 ion current, 

for i dose of air, as an increasing amount of Sie ekusadl compound 

heptacosa is added, at 20pA and 500pA electron current. At 20pA 

electron current, the collected nitrogen 28 current is independent of 

the heptacosa pressure. However, at 500mA electron current, the 

collected nitrogen 28 ion current decreases from 1.5 x 107104 to a 

constant value of 0.22 x 107194, 

The 500mA curve can ‘si be broken into two sections, one part due to 

'trapped'’ nitrogen ions and one due to ‘free! nitrogen ions. Now, above 

a certain pressure, the trap-area will not yield more than a certain 

ion current. Therefore, if heptacosa is present in the ionisation 

region, the ion current flowing out of the trapped region must be 

shared between nitrogen and heptacosa ions; the greater the heptacosa 

pressure, the smaller will be the proportion of nitrogen ions emerging 

from the trapped region. This mechanism is responsible for the fall- 

off in the 500pA curve shown in figure 5.14. When the nitrogen- 

equivalent source pressure of the heptacosa is 9.Ont , the majority 

of ions emerging from the trapped area are heptacosa ions. The 

asymptote at 0.22 x 10710, corresponds to the nitrogen current from the 

free area and this is the same value as that determined from figure 5.13.
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In the above analysis, further evidence has been given in support of 

the notions of 'trap-area’' and 'free-area' zones in an electron beam = 

ideas first proposed by Baker and Hasted (1966). In addition, for 

source pressures of less than ipt™, the sensitivity of the electron 

bombardment source to trapped ions, at 500QuA trap current, is 

(20/500) .(1.80/0.006) = 12.0 ee (5.11) 

times as sensitive as would be expected when the sensitivity at 20pA 

is linearly extrapolated to 500uA electron current. Similarly the 

sensitivity to free ions at 500pA electron current is 

(20/500) (0.22/0.006) = 1.5 betes (5.12) 

times as sensitive as would be expected from low electron current 

sensitivity. 

These factors, not given by Baker and Hasted, are important in the 

determination of the mechanism of the ion extraction at high electron 

currents. A description of the phenomena which cause the saturation 

in emitted ion current will be given in section 5.2.8.
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5.2.6 Some Further Properties of the 'Trap~-area' 

  

Figure 5.15 shows the collected ion current as a function of the ion 

accelerating voltage, for 500pA and i0uA electron current. Curves for 

rhenium wire and tungsten ribbon filaments are given. 

At low electron ionising currents, the observed linear relationship is 

readily explainable in terms of ideas developed in previous sections. 

In section 4.2.3 it was shown that the ion withdrawal angle, and hence 

the theoretical source efficiency, was approximately proportional to 

the square root of the ion accelerating voltage. Similarly, in section 

5.1.4, it was seen that the existence of ions with a Zcomponent of 

velocity resulted in the ion transmission, through the Z-apertures, 

being proportional to the square root of the accelerating voltage. 

Therefore, at the ion collector the ion current will vary directly 

in proportion to the accelerating voltage = the product of two square 

root laws. 

However, for the high electron current, the ion current rises 

approximately linearly with accelerating voltage, but above about 4kV, 

decetika 46 a constant value. It is concluded that above this 

accelerating voltage, all trap-area ions have initial angles within 

the ion withdrawal wedge, and all pass through the Z-apertures. Now, 

in section 5.1, it was seen that at low electron ionising currents,
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the ion transmission through y and z angular apertures was 20. 3% and 

54%, respectively. Therefore, at high electron current, for which 

there is no loss of ions at these apertures, the transmission efficiency 

of the mass spectrometer to the trap-area ions will be increased by a 

factor of ten. The effect can be explained by postulating that ions can 

escape only from relatively small apertures in the antinodes of the 

electron beam. After the ions are formed in the trap-area, they will 

oscillate back and forth in the potential well, until they are moving 

in the correct direction to escape. In this way, a large proportion of 

the ions produced in the trap-area will eventually reach the mass 

spectrometer collector, although the average residence-time of the ions 

in the source will be increased. 

Further evidence that ions emerge from a small zone of the electron beam, 

can be deduced figure 5.16. In this figure, the ion current is given as 

a function of the width of the source resolution<slit; curves for low 

and high electron currents are shown. As the slit is opened, the point 

at which the ion current ceases to increase gives an indication of the 

overall y-width of the ion beam. For low electron currents the ion 

beam width is approximately O%008 compared with a width of O'%003 at 

high electron currents. The demagnification of the ion source is 0.126 

(see section 4.1.4) at 8kV accelerating voltage; therefore, the width 

of that part of the electron beam which emits ions decreases from 

07063 to 09024, on changing from low to high electron current.
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With the above data, and with the use of equation 5.7, it is possible to 

construct a diagram of the equipotentials in a 500pA electron beam. 

This is shown in figure 5.17. The majority of ions emerge from the 

central 0.4mm zone and the initial angles are all less than 14° to the 

horizontal. The "Penumbra’ region extends for about O.imm on either 

side of this. Ions extracted from the 0.6mm zone of umbra and penumbra 

originate from close to the 0.00 volt equipotential line, his extends 

over a distance of 1.6mm in the X-direction. It follows that another 

effect of electron space-charge is to reduce the ion ‘object’ height by 

a factor of 2.7 (=1.6/0.6). This has the effect of increasing the 

transmission efficiency of the mass spectrometer by a factor of 2.7. 

5.2.7 Proportion of Electron current in the trap-area 

It is apparent from figure 5.17 that the ion current observed at high 

electron current is comprised of all the gas molecules ionised in the 

central core of electrons. To determine the proportion of electrons 

in this central core, the first step is to calculate the ion current 

which is produced in the central core. 

With the following conditions: 

A source pressure, Ps = 3ut ,y 

Width of source resolution-slit Wg = 07001, 

A source Z-restrictor, Zs = 09050, 

The measured ion current, It = 1.80 x 10719, 

5.40 x 107!%, H
 + | .. for Ws = 0%003
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Now with a 09050 Zrestrictor, the ion current is extracted from three 

0"050 zones (see section 5.2.3) and the total ion current generated in 

the central core of the 09750 long electron beam is 

It = 0.75 x 5.40 x 1079 
3 x 0.050 

Te 2.70 £1077 oe (5,43) 

From equation (5.2) the total ion current produced in a 500A electron 

beam is 

It =» 9x 500 x 107 x 2.0 x 3.0 x 107° 

at I+ = 2.10 x 1078 eo0000 (5.14) 

  

From equations (5.13) and (5.14), the proportion of electron current, 

I,z,9 in the central zone is given by 

log * o] x 500 = 500 = 50uA e@o0000 (5.15) 

ete 10 

The remaining 450mA of electron current surrounding this zone is the 

"free-zone’ of the electron beam. The results of the above analysis 

show that the ion current produced in the central zone of the electron 

beam is one~tenth of the total ion current produced. Now, it is
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experimentally observed that the ion current collected from this region 

is twelve times that collected from the rest of the electron beam 

(section 5.2.5). From this data, it is deduced that the ions originating 

in the trap-area are 120 times more likely to reach the mass spectrometer 

collector. Most of the contributory factors have already been detailed, 

but for completeness they are summarised below: 

(a) o¢ angular spread reduction x5 

(bv) Z angular spread reduction x2 

(c) Ion object height reduction x2.7 

(ad) Ions from three antinodes x3 

(e) Other factors x1.5 

(f) Trap-area ions, one-tenth of total x0o1 

Overall Gain x12 

‘Other factors’ is obtained by the elimination of other small losses 

which occur at low electron currents (see section 5.1). 

5.2.8 Theoretical Saturation Ion Current 

In section 5.2.5 it was shown that an electron bombardment source 

exhibits saturation at 4.3p? nitrogen equivalent pressure in the ion 

chamber. Equation 5.13 is valid for a source pressure of 3.0mT , and
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hence for 4. 3n% pressure the ion current will be approximately 

S607 me 10-9A. This is the total ion current that may be withdrawn 

from the trap-area, for all pressures above 4.3u%. The theoretical 

value may easily be calculated. 

The calculation is based on ideas first presented by Langmuir (1929). 

The phenomenon so far called saturation is in fact, complete 

neutralisation of the electron space-charge by the ions produced. 

Langmuir considered the effect of ions generated in an accelerating 

electron beam such as would be encountered in a thermionic vacuum tube. 

For the present analysis, it will be assumed that the electrons 

encounter zero field in their direction of travel. The ions produced 

will move initially with thermal energy. There will be a small field 

leaking into the electron beam, which will extract the ions, but for 

purposes of the following analysis this field will be neglected. 

Let the electrons of mass mg, velocity vg, have a volt energy Vg. 

Similarly let the ions produced have a mass Mpy a velocity Vp» and @ 

volt energy Vos then 

V s k Mm, Ve- eooco0°e (5.16) 
8 

and Vp = k mp + 00000 (5.17)
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Where k is a constant. By dividing equation (5.16) by equation (5.17) 

and taking the square root, the following expression relating the 

electron velocity to ion velocity is obtained: 

Yo ® Ve > mp]? 92000 (5.18) 

Vp Vp Wg 

If there is a charge density of n, electrons per cc, and Ny protons 

per cc, then the ratio of electron current, I,, to proton current I, 

is given by 

le = ne ° Ve eoo0000 (5.19) 

Tp Bp p 

For space-charge neutralisation of the electrons in the central zone 

the ion density must equal the electron density, or Np = Ngo Therefore, 

from equations (5.18) and (5.19): 

a3 ee 

For an ion of atomic mass M a.m.u., the ion current Ios will be given 

by 3= 

I, = Vy I: le o0cee (5.20) 
[Veo 1835M
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For example, with a 7OeV electron beam, which produces 0.04eV ions 

from nitrogen gas (M = 28 a.m.u.), the maximum ion current that can 

be produced is given by the equation: 

ho 0.04 i. z. 
70 x 1835 x 28 

= I,/9482 

With an electron current in the central zone of 50pA the maximum ion 

current is: 

Ip = 523 x 107A eave (5.21) 

The experimental value of the maximum ion current, It = 3.9 x 1079s 

(equation 5.13), is 30% lower than this theoretical value. Considering 

the experimental errors involved and the approximations made in the 

theoretical treatment, the agreement is very good. 

From a practical point of view the agreement between the theoretical 

and experimental results means that the saturation in emitted ion 

current is indeed space-charge neutralisation of the electrons by the 

ions produced. Thus, it is not possible, using a conventional electron 

bombardment source, to obtain high sensitivity if the source chamber 

pressure is greater than approximately 4.3pT (0.43p7% gauge pressure). 

In this context, sensitivity is taken to mean the ion current rise per 

unit of sample added.
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Conversely, it may be stated that to obtain high sensitivity, the 

source must be operated with a background pressure of less than about 

O.ipt (source gauge) and on introduction of the sample the source 

gauge pressure must not rise above 0.5ut . Above this pressure the 

sensitivity, or the increase in ion current per given sample size, is 

12% ot its value below this pressure. 

5-3 SUMMARY AND CONCLUSIONS 

For electron ionising currents less than about 20uA, the ion trans= 

mission of the mass spectrometer system under low resolving power 

operating conditions is about onetenth or a percent. Theoretical 

analysis shows that ion loss occurs mainly at the alpha, z, and beam- 

defining apertures, increase of which would cause loss in resolution. 

For electron currents above about 50QnA, it is well known that the 

space-charge forces in the electron beam create a potential well in 

which the ions are trapped. The experimental evidence presented in 

this thesis suggests that under these conditions the ions emerge in 

a preferential direction from the electron beam antinodes, so that 

above 4000 volts accelerating voltage all ions pass through the alpha 

and z apertures of the MS902. The ion object size is reduced, and in 

addition collected ions emerge from three of the electron beam antinodes.



However, as one-tenth of the total number of ions produced is trapped 

in this way, the overall sensitivity increase is only a factor of 12. 

This is derived by forming the product of the following factors. 

(a) 

(b) 

(c) 

(a) 

(e) 

(f) 

This agrees with the experimentally observed increase in sensitivity. 

When a source operates under these conditions, no further increases 

in sensitivity would be ohtained by increasing the accelerating voltage 

or by employing Z-focusing. 

voltage scanned without change of sensitivity, and accurate isotope 
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X-angular spread reduction 

z-angular spread reduction 

Ion object height reduction 

Ions from three antinodes 

Other factors 

Trap-area, one~tenth of total 

Overall Gain 

ratio measurements may be made. 

x5 

x2 

Seo 

x3 

x1.5 

x0.1 

x12 

Conversely the mass spectrometer may be
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The biggest single disadvantage of the source is that the features 

described above only hold/ below source pressures of 5 x 4078 torr (« 

gauge pressure of 5 x 4077 torr). Above this pressure, space-charge 

neutralisation of the electrons by the ions, prevents further ions 

from being produced. This phenomenon causes ‘suppression’ of sample 

fragment ions by reference compound ions, which effectively reduces 

the sensitivity of the source to the sample ions. Any improved source 

design should incorporate means for minimising the pressure saturation 

and suppression effects. The possibility of achieving this will be 

discussed in the final section.
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6 = WAYS OF IMPROVING SOURCE DESIGN 

In previous sections the detailed workings and characteristics of the 

electron bombardment source at low and high electron currents have been 

considered. In the course of these experiments the properties of a 

number of source assemblies were. investigated. Although the sources 

were nominally identical to one. another, it was found that the ion 

current delivered. by some sources. was a factor of twenty mnie than 

that given by others. In the first part of this section this effect is 

analysed in more detail, and constructional modifications are described 

which enable. every source to deliver high ion currents. The second 

part discusses the feasibility of attaining still better source 

efficiencies, and describes some preliminary results obtained with a 

source incorporating a partitioned ionisation chamber oo minimising 

peak suppression effects. 

6.1 Ways of Maintaining High Sensitivity 

6.1.1 Slit Tolerances 

‘In section 5,it was seen that when the source was operated at high 

electron currents, the total field required at the ionisation region to 

extract ions was the sum of the field required to overcome the potential 

barrier created by the electron space-charge, together with that needed
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to maintain the optimum ion optical properties of the extraction lens" 

system. Therefore, to obtain high sensitivity it would seem sufficient 

to provide the correct extraction field at the electron beam. However, 

this is not the case and if, for example, the gap between the beam— 

centring plates is reduced by 20%, the maximum ion current obtainable 

from the source typically drops by a factor of twenty, even though all 

the voltage controls are optimised. A geometry change such as this 

will alter the way in which the electrostatic field varies along the ion 

path. It was found experimentally that to obtain the highest 

sensitivities the gap between the beam-centring plates should be reduced 

from 07062 to 0%058 with a tolerance on the dimension of * O%002. A 

similar tolerance is required on the 0%040 distance separating the ion 

exit slit and the beam-centring plates (dimension "a," on figure 2.4). 

To maintain constancy of extraction field,an additional requirement is 

to have reproducible manufacture of the ion exit slit. Previously, the 

slot in the exit slit was produced by punching, and as wear developed 

on the punching tool, the outer slit edges became more deformed in the 

manner shown in the sketch in figure 6.1 (a). For the improved SOUrCE y 

the exit slit has been punched out of thicker material and then lapped 

down to the correct thickness. This procedure produces slits with 

square edges as shown in figure 6.1 (bd), regardless of the age of the 

punching tool.
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Obtaining a constant gap between the beam-centring plates was more 

difficult. The first of the two problems to be tackled was the springing 

apart of the half=plates which occurred when the alignment dowels were 

removed. This has been corrected by modifying the columns supporting the 

plates as shown diagrammatically in figure 6.2 (a) and (»). The ion 

chamber block B, is clamped to the support plate, SP, by means of the 

threaded metal spacer S. Only when the block is secure and aligned are 

the beam-centring plates fixed in position. With this constructional 

change it is possible to ensure that the gap between the beam-centring 

plates can be set to an accuracy of better than + 0002. 

When using the direct insertion probe (see section 5), it is usual to 

heat the ionisation chamber to a temperature in the range of 20°C to 

300°C, so that the optimum evaporation rate of the sample under investiga— 

tion can be selected. It is therefore important that the source 

characteristics remain constant over this temperature range. However, in 

the experiments detailed in section 5, it was noted that the ion current 

was not constant with temperature variation, and in some cases the ion 

current fell by a factor of two, for a change in temperature of 50°C. 

It was found that this was caused by a change in the gap between the 

beam=—centring plates. The way in which this occurs is explained with 

reference to figure 6.2 (a). The support plate SP, is thermally 

isolated from the ionisation block B, and any expansion of the latter
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will force apart the quartz supporting columns at levels A and C. One 

way of curing this fault is to securely fix the ionisation chamber to 

one pair of supporting columns, and to allow a sliding fit at the other 

pair as shown in figure 6.2 (bd). 

Note: Although all of the above improvements were suggested by the author, 

the detailed constructional changes were carried out by the Division's 

Mechanical Engineering Department. 

6.1.2 Mean Beam~Centring Voltage 

It was seen in section 5.2.4 that the ion current obtained from the source 

is extremely dependent on the mean beam-centring voltage. In addition, 

the optimum voltage required was a function of the accelerating voltage 

and the electron current. Therefore to obtain high sensitivity the 

source controls should include a mean beam-centring voltage control, which 

will vary this voltage between approximately 85% and 95% of the 

accelerating voltage. 

6.1.3 Electron Beam Position 

In the course of the experiments detailed in section 5,it was initially 

found that the filament wire and magnet positions needed very accurate 

alignment,to allow a large proportion of the electron current to reach
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the electron trap. If this was not done the filament emission was 

typically in excess of 2 m.a. for 5008 trap current, and the r¢henium 

filament burnt out within an hour. 

Two simple modifications are required to avoid the tedious trial and 

error alignment of the electron beam. These changes are explained with 

reference to the diagramsin figure 6.3 In the original filament 

assembly the 01016 wide slot in the anode was punched in 07032 thick 

material, with the filament placed 02100 away,as shown in figure S50 Lae 

This geometry was originally designed for the 07030 wide, 07001 thick 

filament which was used in sources up to the end of 1966. After this 

date,a OCOO7 diameter rhenium wire filament was fitted for its 

improved chemical inertness (see section 6.2.1). However because the 

latter emits a beam one quarter of the width of that from the tungsten 

filament, alignment of the wire is critical. To reduce this effect the 

slot size has been increased to 0025 as shown in figure 6.3 (b). 

In a Nier source the beam of ionising electrons follows the path of the 

field-lines ot the confining magnetic field. In a correctly-aligned 

system,the line joining the electron gun and trap will be coincident 

with the line joining the geometrical centres of the magnet pole—pieces 

as shown in figure 6.3 (c). However, should there be any small 

misalignment of the magnet poles,the electron beam path will be 

considerabiy curved, since it is common practice to use magnet pole
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pieces whose separation is two or three times the diameter of the pole 

face. In the M5902 mass spectrometer the proximity of the adjustable 

slit mechanism makes such a weal consnt unavoidable, and the two centre 

lines are 0¥%110 apart as shown in figure 6.3 (a). With this arrangement, 

the electron beam follows a curved path with the result thgt only a 

small part of it is able to travel through the electron slit. As before, 

this leads to high emission and reduced filament life, It has been 

found experimentally that this may be prevented by displacing the pole= 

piece on the trap-side by daccoxiuntéls On i0e in the direction shown 

in figure 6.3 (e). This modifies the electron beam path,so that nearly 

all the electrons pass through the defining apertures. Further 

experiments indicated that the position of the pole=pieces should be 

set to an accuracy of better than + 01020. 

With the two modifications detailed above,it is possible to obtain 500pA 

electron trap current for as little as 550yA emission current. 

6.1.4 Cleanliness 

The sources must be chemically clean to obtain high sensitivity. Any 

residual hydrocarbons, mineral oil or finger grease,for example, on the 

ionisation chamber surfaces will cause a background pressure, and a 

background ion current will be produced. If this ion current exceeds 

the ion current produced when complete neutralisation of the electron
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space-charge occurs (the 'saturation' ion current) , the source 

sensitivity to sample ions will be reduced. An acceptable background 

ion current is one which is less than 20% of the saturation ion current. 

For most source impurities this background ion current is given by a 

residual pressure in the source of 1076 torr. Baking the ionisation 

chamber at 200°C for several hours should be sufficient to achieve this. 

6.1.5 Summary 

The dhatise required to the electron bombardment source to ensure that it 

will operate at high sensitivity are tabulated overleaf. Although items 

(2), (4) and (8) are required to correct constructional faults in the 

source assembly used by the author, the other items are applicable to 

all Nier-type electron bombardment sources.
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ITEM CHANGE MOTIVATION 
  

  

(1) Ion Exit Slit 

(2) Beam—Centring 

Plates 

(3) Beam-Centring 

Plates 

(4) Ionisation Chamber . 

(5) Assembled Source 

(6) Beam-Centring 

Voltage 

(7) Electron Exit 
Slit 

(8) Magnet Poles 

(9) Cleanliness   

Square edges 

Modified mounting 

Gap dimension 

(MS902: old O%062 

new 09058) 

Modified mounting 

Jig aligned 

Mean value variable 

Enlarge width of slot 

for rhenium wire fil. 

(MS902: old O%016 

new 0025) 

Left-hand pole piece 

withdrawn by 07100 

Background ion current 

% 20% x Saturation ion 
current 
(MS902: I+ $ 3 x 107A) 

Reproducibility 

To allow precise 

alignment of gap. 

Optimisation of ion 

current 

To prevent Beam-Centring 

gap change with ionisation 

chamber temperature change. 

Alignment of source with 

respect to mass 

spectrometer. 

To optimise for high 

Sensitivity 

Relaxation of tolerance 

on emitting wire 

position. 

Alignment of electron 

beam. 

To obtain high 

sensitivity      
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6.2 Ways of Improving Source Sensitivity 

6.2.1 Ion Production 

As shown in section one, ion production can be increased by increasing 

the electron path length, increasing the electron ionising current or 

by reducing the flow rate of gas out of the ion chamber. 

If increased sensitivity is to be obtained by increasing the electron 

path length, then the latter must be increased without altering the 

distance between the electron gun and trap. Arranging the magnetic 

field so thet the electrons perform trochoidal trajectories achieves 

this, but as shown by Barnard (see section 1.4) no significant gains in 

sensitivity are obtained. 

Increasing electron current is certainly feasible. For the 01007 

aiapetie rhenium wire, the upper limit is probably 1.2 [Doe emission 

current, or 1 m.a. electron trap current. A rhenium filament has been 

operated under these conditions for about 40 hours, but inspection of 

the wire after use revealed that it was heavily pitted. This indicates 

that the filament lifetime will not be much in excess of 40 hours, 

the shortest life that is normally acceptable. The ion current 

produced was double that obtained with 500pa electron trap current.



he 

At present, a rhenium filament is favoured by the organic chemist, for in 

comparison with a tungsten one, it gives a reduction in the CO* line in 

the background spectrum of approximately a factor of five. In addition, 

it has a smaller ‘memory’ effect = that is, a smaller capacity for the 

retention of a previous sample. (Zandberg and Tontegode, 1966). 

However if sensitivity is more important, tungsten filaments with their 

higher emissivity for a given life may be used with advantage. A 

tungsten filament of O006 diameter has been run at 2 moa. trap 

current with 2.5 m.a. emission current for times in excess of 100 hours, 

with the wire showing no sign of pitting or thinning. The ion current 

was four times that obtained with 50Qua trap current (see, for example, 

figure 5.16). The 2 m.a. trap current is the largest that can be 

obtained with the present filament power supply, but there is no 

reason to suppose that a O!006 tungsten filament should not have a 

useful life with 3 m.a. or perhaps as much as 4 m.a. electron trap 

current. With these operating conditions, ion currents respectively 

six times and eight times larger than that obtained at 500Qma could be 

expected. 

The third way of increasing ion production is by reducing gas flow rate 

out of the ionisation chamber. For the MS902 source the total pumping 

speed of 1.4 litre/second is controlled mainly by the ion exit slit, 

with a pumping speed of 0.7 litre/second, and the electron-trap aperture 

with a pumping speed of approximately 0.5 litre/second (A.E. Banner, 

private communication). The ion exit slit aperture cannot be reduced
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without adversely affecting the ion optics of the source, and any 

reduction in the trap aperture would not reduce the total pumping 

speed by more than 30%. 

It is concluded that the only way to significantly improve ion 

production efficiency is to increase the electron current. A tungsten 

wire tilament will give at least 2.5 m.a. emission current, although 

the more chemically~inert rhenium filament will yield up to 1.2 m.a. 

emission current with a lifetime of more than 40 hours. 

6.2.2 Ion Transmission 

Ion transmission can be increased by producing an ion beam with smaller 

angular spreads in the focusing (y) and non-focusing (z) directions, 

smaller ion object width,or smaller energy spread. 

However,as shown in section 5, under high sensitivity conditions, the 

beam emerging from the ion-trap zones just fills the beam-defining 

angular apertures of the mass spectrometer and there would be little 

point in aiming for improvement in these properties. 

The energy spread of the ion beam emerging from the source contributes 

a relatively small amount to the total aberration of the mass 

spectrometer, and again there would be little to gain by improvement 

of this aberration.
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At high resolution, the most significant loss of ions is at the 

adjustable source slit and there would be considerable gain in reducing 

the overall beam width at this point. This beam width is determined by 

the filament aperture length. To obtain a reduced beam width, a 

suitable modification would be to reduce the length of the aperture from 

09125 to 0032, In practice, this may be conveniently done by using a 

0032 diameter round aperture (see figure 6.4). At present, the hot 

part of the filament extends over about 0%080 and such a change, while 

reducing the ion object size by a factor of two, would require the 

filament to produce a higher-density electron beam,for a given electron 

trap current. Therefore,as far as overall mass spectrometer efficiency 

and filament life are concerned, this modification is equivalent to 

increasing the electron ionising current passing through the standard 

filament aperture. Although there is little difference between the 

two methods, it is probably easier to increase electron ionising current 

since all this requires is the change of a resistor in the source supply 

circuit. 

As with ion production,it is seen that the maximum ion transmission is 

limited almost exclusively by the maximum emissivity of the filament. 

Further increases in overall mass spectrometer efiiciency are dependent 

on obtaining electron guns emitting higher=density electron beams.
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6.2.3 Saturation Pressure 

In section 5.2.8 it was shown that the saturation pressure was the pressure 

at which there was neutralisation of the electron space-charge, by the 

ions produced. For given values of the electron current, electron 

accelerating voltage and ion mass, the only way to increase the pressure 

at which this occurs would be to increase the initial ion energy (equation 

5.20). However,initial ion energy is controlled by the sample temperature, 

which is usually set to give a satisfactory sample-evaporation rate. Thus 

initial ion energy cannot be changed. Nevertheless,it was reasoned that 

the threshold of pressure saturation might be raised if the ion spent 

less time within the confines of the electron beam. Under normal 

conditions, ions are formed with random initial direction, so that it 

would be possible for a newly-created ion to move-off perpendicular to 

the direction of motion of the electron beam. Such an ion will oscillate 

backwards and forwards many times in the potential well created by the 

electron space~charge, before it eventually escapes from an antinode. 

If, on the other hand, gas molecules were fired along the direction of 

the electron beam, the ions formed would be moving in preferential 

direction and should quickly escape from the potential well. To test 

this theory,a standard source was modified so that the nitrogen gas 

sample could be routed,either through a normal inlet port,or through 

a new inlet pipe emerging through the electron trap as shown in figure 

6.5. However, contrary to expectation no significant difference was
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noted between the sensitivity /pressure curves for the two methods of 

entry. Such a result indicates that tor either method of sample entry, 

any ions produced make few oscillations before escaping from the 

potential well. 

As an alternative approach to the problem, the source design sketched 

in figure 6.6 (a) was constructed. The aim of this is to separate the 

ionisation region of the reference compound from that of the sample 

compound, so that however much reference compound is used, there will be 

no suppression of the sample peaks in the manner described in section 

5.2.5. The conventional ionisation chamber is divided into two parts 

by means of a central partition. Each chamber has its own electron 

beam and repeller plate, but ions from the two chambers are extracted 

by common ion exit slit, beam—centring plates and earth slit, in the 

expectation that the two ion beams will merge and travel as one through 

the mass spectrometer. The two electron beams were generated by a 

single filament wire constructed in manner shown in figure 6.6 (b). 

To ensure that the two tips were the hottest parts of the filament, a 

short tungsten rod was welded to the centre of the wire. With the 

arrangement (a) two small ion beams were observed, but each required 

a different beam-centring voltage (+250V and =250V) to line up the 

beam with the adjustable source slit. The design therefore fails to 

combine the two emerging beams. In an effort to improve this, the 

centre partition was modified as shown in design (c). For this geometry,
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there was a high ion current from each chamber. Furthermore, it was 

found that only 12% of the gas in one chamber leaked into the other 

chamber; thus the partitioning is adequate for typical operating 

conditions, when for example, there will be a 1077 torr contribution in 

the sample chamber for a reference compound pressure of 8 x 1077 torr. 

The optimum beam-centring voltages (+50V and ~250V) were found to be nearer 

to each other; however, this is still not close enough for the source to 

be of immediate application. Possible design changes to improve this 

might include shaped source electrodes, and a smaller distance betweén 

the electron beams. 

From the above results, it is seen that the partitioned source promises 

to be of use in organic mass spectrometry, although further development 

is required for the source to produce merged ion beams. 

6.2.4 Summary and Conclusions 

The sensitivity of the MS902 electron bombardment source can be increased 

again by at least a factor of four, by using a O'%006 diameter tungsten 

wire filament operating with a 2 m.a. electron ionising current. The 

present rhenium wire filament, favoured by the organic chemist for its 

chemical inertness, could operate at 1 m.a. with lifetimes in excess of 

40 hours. Any further increase in mass spectrometer efficiency is 

dependent on obtaining electron beams with highrelectron densities.
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Suppression of sample ion peaks by reference ion peaks can be avoided 

by using a partitioned ion source. However,the original design needs 

modifying so that the sample and reference ion beams merge together 

at the adjustable source slit.
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L=_ CONCLUSIONS 

By making use of new iterative procedures, developed in this thesis, 

the paraxial focal properties of an ion source can be computed at least 

ten times fastrthan has hitherto been possible. This permits an 

extensive study of the source to be made,without incurring prohibitively 

high computer costs. The axial potential distribution in the source is 

determined by using a conformal transformation method, and the 

characteristic trajectories are plotted by use of the Liebmann (1949) 

and Archard (1954) ray tracing recurrence relations. Comparison with 

results obtained by numerical relaxation and resistor network analysis 

shows that the absolute accuracy of the potentials in the main focussing 

region is better than 3%, while relative accuracy of the potential values, 

one to another, is better than one part in 107, The iterative process 

can be used for slit systems with gap-to-separation asymmetry ratios of 

between 1:5 and 5:1, which is quite adequate for most practical slit 

systems. 

The results of the theoretical analysis show that there can be one, two 

or three ion-optical images in the zone between the ionisation region 

and the resolution slit of the mass spectrometer; for a given source 

geometry, the number of images present is determined by the voltage on 

the repeller plate. If initial ion energies are small (§ O.feV), fine 

interval sizes are required at the beginning of each trajectory.
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The results of the paraxial analysis are approximately valid for an 

ion object which has a height equal to the width of the aperture in the 

ion exit slit; for example, the true demagnification of an object of 

this size is no more than 15% larger than that calculated by paraxial 

theory. This accuracy is adequate for the derivation of a theoretical 

repeller curve displaying the main characteristics of the well-known 

experimental curve. Further ray-tracing demonstrates that a source of 

a given geometry will produce the same emitted ion current as a source 

of any other geometry, provided that the voltages used for focussing 

the ion beam are optimised. 

At high electron ionising currents, the presence of electron space— 

charge completely alters the characteristics of an electron bombardment 

source. Under certain circumstances the electron space-charge can 

cause the ion current emitted from the source to increase appreciably. 

Theoretical and experimental evidence suggests that this arises because 

the space-charge forces in the electron beam restrict emergence of ions 

from the source, to within a small angular wedge. To obtain the 

increased ion current requires careful choice of the relative dimensions 

and positions of the slit-aperture electrodes. Determination of the 

dependence of high sensitivity on geometry, would require a more 

complete theoretical investigation in which the effects of electron 

space-charge were included. A computer program which when modified, 

could be used in this study is the ‘electron or ion gun analysis 

program’ written by Hamza (1966).
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A limitation of the high ion current source is that the ion current 

increases with pressure at a much reduced rate when the pressure in 

the source is increased above a certain critical value. At this 

critical pressure, there is complete neutralisation of the electron 

space-charge by the ions produced. In organic mass spectrometry the 

effect becomes noticeable when the partial pressure of the reference 

compound in the source exceeds the critical pressure. When a sample 

compound is subsequently added to the source, the total ion current 

obtained from the sample is much less than it would have been in the 

absence of the reference compound. The effect can be reduced substantially 

by using a source in which there are separate ionisation regions for 

reference and sample compounds. However, preliminary experimentation 

with this type of source,shows that it may be difficult to make it fulfil 

the important requirement of merged sample and reference ion beams at 

the resolution slit of the mass spectrometer. 

Further study of the electron bombardment source might include an 

investigation of electron gun design. Larger ion currents can be 

obtained by using higher-density electron beams. A possible way of 

achieving this would be to include an electrostatic lens to focus the 

electron beam, after acceleration but prior to magnetic confinement.
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Present electron densities are still approximately a factor of ten 

below the point at which space-charge collapse of a magnetically= 

confined electron beam occurs (Brewer, 1967) » There is, therefore, 

ample room for improvement before this fundamental limit is reached.
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TRANSFORM FOR TWO SLITS AND A PLANE 

The application of conformal transformation to the study of three-electrode 

electrostatic slit-lenses was detailed simultaneously by Laudet (1953) and 

Archard (1954). In both treatments however, in order to derive the 

transformation constants without too much difficulty, certain conditions 

were made regarding the symmetry of the system. This work was extended by 

Boerboom (1959, 1960 a, b),as mentioned in the text. 

Descriptions of the Schwarz-Christoffel method together with worked examples 

are given in Gibbs (1958), Green (1962), Binns and Lawrenson (1963), Morse 

and Feshback (p. 443, 1953) and Walker (1933). Of these, the books by Gibbs 

and Green give the simplest introduction to the method. 

(NOTE: the references are given with Section 2 references). 

1.1 TRANSFORMATION EQUATION 

The potential boundaries in the z—plane and the corresponding w-plane are 

shown in figures Ia and Ib respectively. The real boundary to be mapped is 

the contour PABCDED'C'B'A'P, which transforms to a straight line in the 

transformed plane. If the origin in the w-plane is chosen at B, then by 

symmetry, the labelled points may be assigned values in the w-plane of 

Oy, a, by Cy dy 0, dy -C, —b, —a, ~O© respectively, where the a, b, c and 

d are real constants ywhich are uniquely specified by a given lens geometry.
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The Schwarz—Christoffel differential equation (After Gibbs, 195%) relating 

co-ordinate points in the z— and w~planes can be given by the expression:— 

BBN dent). Gem) Ole a yy ees we (a) ai
e 

where aT, oi wsee KK are the exterior angles of the polyogonal contour 

to be transformed, and N is an arbitrary constant. The interior angles are 

(1-«)1, (1~ 6) «eee-(1-K)W, respectively. Since it is sect tiale to 

set the values of two of the arbitrary constants, it is convenient to set 

N=1 and to set w=o at E. 

For the above problem the values of x 7 +e 9S ande (corresponding to 

the points A to 8) are given below:- 

At At- (f-a)M = 20 fo. ok m4 

0 ee Pp = j 

2ir ve Oo =~] . 

At Br- (1-6) 7 

At Cs- (1-Y)T 

At Di~ (1-8) = 0 a ke 1 

At B:s- (1-6) = 1 oe. oe 

The factor corresponding to the vertex P is infinite ,and must therefore be 

omitted. Vertices A', B', C' and D’ have angles the same as vertices A to 

D, Substituting the factors into equation (1a),the Schwarz-Christoffel 

equation for the geometry under consideration becomes:— 

a2 = (w*~a®) (w*- 6%) eon We 1Gh) 
aw wr*- 6* ) (t*~- A?)
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1.2 INTEGRATION OF THE SCHWARZ—CHRISTOFFEL EQUATION 

Equation (ib) may be re-written as:— 

- 2 
B= i (s*-a* ($*<*) ds ses (2) 

o s*- b*) (s?-d* 

which ig easily integrated after partial fractionization. Pirst consider 

the partial fractionization of:— 

S = (s-a)(s-c) Jee into the forms S= A+B + C_.....(3) 
(s~b)(s-a) S-b s-d 

where A, B and © are to be determined. Comparing the two forms 3a, 3b 

gives the identity:- 

(s-a) (s-c) = A(s-b)(s-d) + B(s-d) + G(s-b) 

Equating terms in $2:~ iz=z2A 

" " it S$ t= =—aq=-C a ~bed + B+C eevevve (3c) 

uM hi none-S = ac = bd sg Bd~ Cb eoveee (3a) 

Eliminating B from equations (3c) and (3d) gives:= 

ace bd=-d (b+ d—-a-c) + C(d-b) 

“. © (d=b) = & = (arc)d + ac 

zy C 6." a~d cd eevee (5) 

(b=d) 

and substituting C from (5) into (3c) gives:~ 

B = -(a=b b=c eeeee (6) 

(b=)
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The integral (2) may thus be re-written in the form:- 

w 
%= f [' oe | Se ds 

. (s?- b* (s% 4”) 

Where B' and c! respectively have the same form as B and C, but with each 

letter squared (compare Equations (2) and (3a)). 

je Be + Lh CP + MA nds P .as ( 
(w+b) W+d 

i of ae ee re (b?- 2 es M . ¢ (at- d?)(c*-a*) 

2b ie 2d(b7—d*) 

and P is the constant of integration, which in general may be complex. 

Re
nt

er
s 

es
 

ae 
2 

where ¢ 

Suppose the x, y co-ordinate system in the complex z—plane is that shown 

in figure Ia, where the origin is placed midway between the edges of the 

second slit-aperture, The value of the constant may be found by applying 

equation (7) to the points w= aandweo., Letz=x+t iy and P= p+#¢ 

iq (i = /=1). When w= a, the terms in (7) with coefficients L and M are 

real since a>b>c>d>o. In addition,y = o by definition of the co-ordinate 

system, and therefore q =o. 

For w= 0, x = o which makes z and the terms in equation (7) with 

coefficients L and M, purely imaginary, Hence the real part of P, p, must 

equal zero. 

Thus,for the above—defined co-ordinate system in the z—plane the 

transformation equation becomes:— 

w+b wed
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3 SPECIFICATION OF THE TRANSFORMATION CONSTANTS 

Thé four unknowm constants a, b, c and d may be expressed in terms of 2s4 and 

285 the slit widths, dy the spacing between the first and second slits and 

do, the spacing between the second slit and the plane. 

(i) From equation (8), the slit width 2s, is given by:- 

25, = Re| 2 c-a)] - hk [ xt =a] 

= Gl xtr-0.- Zien] 
ees L, 4n a-b + M ln oe | 

art atb 

oe 8, © O 0 ky MM ash OM tw ond 
atch 

(41) Similarly, 2sp = he [ Zee) ~ Xtc] 

—— 5 Ke (Um bee + Lit +Mm& s4]- he| 2i+-c)| 

where the principal value of the logarithm has been assumed. 

Age 27:44 L w bee +M mw cad 
bre C+d 

(iii) The residue at w = -b is L and so the discontinuity at B in the 

z—plane, ~id;, is given by:- 

-idy=Laiw 

2 Es - da |x 

(iv) Similariy,by considering the discontinuity at c, M= -dzAr is 

obtained,



eo 

Putting ry = d,/m and To = do/tr gives the following set of four simultaneous 

equations required for the determination of a, b, c andd 

  

Hn ow +e Awash + Gh ath asec: @ 

S, = Cc. ry dn bee + F. ye ct eece? (ia) 

b-e : ey 
  

mys (a*- b*) b?- o* senrve (at) 
ab (b?-d? 

T2.2 a?- at) C7. i eeoctea (02) 

8h (Ped?) 

$1, Sp, ry and ro are known from the geometry of the problem. The new method 

  

derived for solving the equations (9), (10), (11) and (12) is given in 

Appendix II. 

1.4 SOLUTION OF LAPLACE'S EQUATION IN THE w-PLANE 

So far,there is the equation (8) relating a co-ordinate point in the slit 

system cross-sectional plane (z) to a corresponding unique point in the 

transformed plane (w). The constants of the transformation,a to d,are 

obtained from the solution of the above set of equations (9) to (12). Since 

Laplace's equation remains invariant in the transformation, the problem now 

reduces to solving Laplace's equation in the transformed plane. The potential 

at a given point in the transformed plane is then exactly equal to the 

potential at the corresponding point, specified by equation (8), in the slit 

system cross-sectional plane.
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The potential-detfining electrodes map as straight lines along the u-axis of 

the w-plane,as shown in figure Ib. The potential in the w-plane may be 

derived by a further transformation, but it is preferred to use the method 

of Boerboom (1959) which illustrates the principles involved. Uonsider,;at 

first,the system in figure 1c; along the u-axis of the w-plane let the 

potential be +V to the left of Q (q,0),and zero to the right of Q. The 

broken lines are along equipotentials,and the potential at a point K (u,v) 

is given by (V/7r) ROS, Similarly the potential at the point R,in the 

arrangement of figured ld,equals (-V/7r ) RES, if now a further oe has 

a potential distribution along the u-axis given by: 

Potential = 0 forp >u>q 

Potential = V forp<u <q 

the potential at R may be found by linear superposition of the above cases. 

ee V (u,v) » V {arctan v - arctan _v_ dundee (13) 
w u=q u-p 

In practice, interest centres on the potential distribution along the axis 

of the slit-aperture cross-sectional plane i.e. along the y-axis of figure 

Ia. In this case, z is imaginary and from equation (8) it follows that w 

is too. Thus,w = iv and the y-axis of the z—plane maps onto the v~axis of 

the w-plane. Changing the origin in the z~plane to G, the form of equation 

(8) relevant to the y-axis, reduces to:~ 

iy = iv - 4d, dn (iv—b) “do &n (iv-d) +id, 
  

wT (iv+b) 7 (iv+d) 

and using the identity loge (iv-r) = 2i arctan fe\ gives the equation 
iver ~ 

yeve- 2d, arctan (e ~ 2d oreian ih) + dy scees (14) 
x v; TT wv. 
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The potential along the v-axis is obtained from equation (13) by placing 

uezxoO 

) seuke (15) .. V (u,v) = MV (arctan y = arctan 
T P 

ww: 
q 

The area to the right of the plane electrode DED' in the z=plane maps onto 

the upper half of the w-plane,and hence the angles RQS and RPS of figuresIc 

and Id will be in the range 0 toll. This fact is important when determining 

the value of the arctan function (a many~valued function). 

Equation (15) gives the potential along the v—axis of the w-plane resulting 

from an electrode,at potential V,along the u-axis between the abscissae 

u= pandu-=q. For the series of electrodes show in figure Ia,at 

potentials vs; Voy V3, Vo and Vy, the resultant potential along the v-axis 

is again found by the principle of superposition:— 

V (o,v) = Vy a el (-v ) - arctan ey + V> oe (-v) = arctan (oy 

(co) Chee (b) (a) 

+ V3 i: arctan pad - arctan 4 + Vo Jarctan (v) = arctan ne 
+ (a) T (a) (>) 

ene (v) = arctan at + aoe S — arctan C2} 

= 
i 

If it is assumed that there are no cross-fields in the slit system,then 

‘ ’ 
Vy = V4 and Vo a Vo 

and V(o,v) = 2 (Vy - Vo) arctan (v) + 2 (Vo - V3) arctan (v); Vy... (16) 
n % 7 a , 
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Equations (14) and (16) thus form a pair of parametric equations giving the 

potential V at a point Vy along the y-axis of the slit system cross-sectional 

plane, by way of the auxidllary parameter v. Since it is not possible to 

eliminate v between (14) and (16), the computational method is to set up a 

table of v values and to then compute the appropriate values of y and V. 

1.5 DERIVATIVES OF POTENTIAL 

The ray~tracing part of the computer program requires the first and second 

derivatives of the axial potential distribution, the analytical parametic 

expressions for which,may be derived from equations (1b) and (16) 

(a) 9" (e,7) « ar ay (au) 

  

where 2V = 2 (Vy =-Vo2)__b_ + 2 (Vo = V3) __d@ sand av «= ated 
are weve OU d2+ve oy v<+a) (v+c 

(b) v -2 [ QD-09] -w2.00 smo (41) 
dy aw) (ay dy dy (2 av dy—s (a y/av 

  

where dv /ay is given above,and :- 

>*V = fbi 2 (Vy - Vo) ~ a . (Vo “ V3) 

ove Tv (bs + v we (ds + v 

2 > % « ~4,b.v.4 ~ 4iduw, iz Differentiate equation (14). 
av I (2 + vee Wide +v twice w.r.t. w.
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ITERATIVE SCHEME FOR DWikIVING THE TRANSFORMATION CONSTANTS 

2.1 APPROXIMATE EQUATIONS FOR INITIAL VALUES 

The general scheme for the solution of equations (9) to (12) in the text is 

similar to that given by Boerboom (1959). The equations are first 

approximated to a simpler form so that initial values of the constantsa, b, 

ce and d may be found. 

The improved method differs in the way of approximating the equations. 

Boerboom's approximations fail when the slit apertures become greater than 

the slit separation, because the initial values of a, b, c and d formed 

violate the fundamental transformation condition that:- 

ar>broecrd 

The effect of using b> a, for example, is to make the term In (a + b)/(a — b) 

imaginary, which corresponds to no practical case. To avoid such mishaps . 

logarithmic terms have been included in the approximate equations in the 

following manner3:~ 

(i) For equation (9) of the text it is noted that a> b> oc >d, and 

hence the logarithmic term in a and b will be more significant than the term 

in a and d. Thus a suitable approximation will be:— 

84 = Kry ln a+b eocee (1) 

a-b 

where the constant K is a correction factor to allow for the neglected terms.
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(ii) For equation (10) of the text,it is likely that both the logarithmic 

terms will be of the same order since b/c ¥ c/d (Archard, 1954). A suitable 

epproximation is therefore 

So = Kr, lInb¢c eevee (2) 

ae. 0 

where the constant e is a second correction factor which could be expected 

to be of the same order as K, 

(iii) For equation (11) of the text, b°> d°, giving as a suitable 

approximation 

ar,/> + [(a/e)2 -1] [1- (o/e)2] he Se 

(iv) Similarly for equation (12) of the text, a> d@, b°> a@ and 

hence 

ar,/a = [(c/a)2 -1] (a/v)? oat. 74a) 

Before equations (1) to (4) can be solved to generate the initial values of 

a to d, the constants K and K’ must be determined. There are two supplementary 

conditions which may be used. The value of the first constant 'a' is always 

very close to 0.58, (See Table of values for different configurations in 

Boerboom, 1960a)yand so an initial value for 'a' was arbitrarily chosen to 

te 0.52s,. The further condition is that K is likely to be similar in 

/ 
magnitude to K.
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to 
The quantities K and K have therefore been generated using an additional 

iteration as follows:= 

(4) Set K! equal to one. 

(ii) Hence (c/b) = than (s,/4K'r,) from equation (2). 

(iii) Set 'a' equal to 0.525). 

(iv) From equation (3): 

be ry | 1+ {eat -1} where Q = i= (c/o)? 

Q : 

(v) Thus from equation (1),K may be found. 

(vi) K is then compared with x's If K is greater than K’ (as it will 

be initially), K’ is increased by 0.05 and the process from (ii) 

onwards is repeated. If K is just less than or equal to x’ the 

iteration has fulfilled the condition of determining a K approxi- 

mately equal to K’, and the next iteration process may be 

commenced. 

For a system of five slit apertures and a plane, where the slit apertures have 

the same width as the slit separation the constants K and K ’ are of the order 

or 2. 

2.2 ITERATIVE METHOD FOR OBTAINING ACCURATE SOLUTION 

Starting from the initial values of a, b, c, d it is possible to construct an 

iterative scheme to obtain these values to any degree of precision required,
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Following Boerboom (1959) the method is to add the dropped terms to the 

approximate equations,so that they revert back to a mathematically exact form. 

Thus equation (1) would become:= 

Kryln a+ b= sy + ee (K-1).ryelIn a+b -ro-In avd eovee (5) 

a-b a-b a-@ 

where the term in the square brackets is a term added to equation (1) 

to convert it back to the original form, equation (9) of the text. 

The iterative procedure is to use the latest values of a, b, c and d to 

compute the square bracket terms in the set of corrected equations,of which 

equation (5) is an example. There are then a set of equations which may 

easily be solved for new values of a, b, c and d. This process is repeated 

until the values of a to d are of sufficient accuracy, (but see the next 

section on the question of convergence). It is to be noted that the values 

of K and K’, computed as in section 1.2,are constant throughout this iteration. 

2.3 EXTENSION TO A SYSTEM OF A PLANE AND FIVE SLIT APERTURES 

The methods outlined in Appendix I and in the previous two sections are all 

applicable to the system comprising a plane and any number of parallel slit 

apertures, and the equations are derived in an exactly analogous manner.
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As an additional precaution against the possibility of the successive values 

of each transformation constant oscillating with increasing divergence about 

the respective true value, the following sequence has been embodied in the 

iterative procedure. The modified procedure is to carry out the first two 

iterations in the normal way, and for the third iteration to use the mean 

values of each constant generated in the previous two iterations. The fourth 

iteration is as before, but the fifth uses the mean values of the third and 

fourth iterations. In this way convergence is achieved, subject to the 

conditions discussed in section 1.6 of the text. 

To obtain the same accuracy of solution for well-behaved geometries, the 

modified method requires a few more iterations than the original method, but 

the extra time involved is insignificant.
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3.1 DERIVATION OF THE GENERAL RAY EQUATION 

The generaly ray equation is derived by eliminating the time variable from 

the equations of motion of a charged particle in an electric field 

m d@y = ~eBy; mdex = -ely dives (1) 
ate ate , 

and the energy equation 

a ts e + (ax}* | = ~eV e eoeeee (2) 

2 dt dt 

To achieve this it is noted that 

ax/ay ” dx /at 
oo 

and therefore 

or 

ons és (3) 

a
l
 ft a
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Eliminating e/m between equations (1) and (2) gives 

d@y = | (dx)2+ (ay)2] By 
ate (at) (at) | av 

and a2 = | (ax)2 4 (ay)2] & 
ate (at) (at) | WV . 

geese (4) 

which substituted into equation (3) yields 

av, dex ate ae Le) “2 
ay® (at) (dt) dy = Slat 

‘ 2 ic 2Vx" = (14x'*) (B,-x\By) 

where x' = dx/dy and x" = d@x/ay2 

cre Vx" + ov xe a wv = O. eoawve (5) 

1a '? dy dx 

  

which is equation (3.3) of the text. 

3.2 DERIVATION O# THE LIEBMANN/ARCHARD EQUATIONS 

These equations are for paraxial rays and it is therefore justifiable to 

assume that x'<« 1. 

Equation (5) then reduces to its paraxial form:- 

xe + a RE - Z| eens (6) 

ov x
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It is then assumed that the continuous curves representing the field terms 

Vy (8,,/x) and BY are each replaced by stepped lines, each step of constant 

field value coinciding with the interval, Ay, of the numerical integration. 

oe x = os e ws By a a 

av - 

or x"" « (_1)? Nx' kk, By + x! ty? Sbivk (7) 

(2v) x 

To derive the recurrence relations, use is made of the Taylor series 

expansions of x and x' in ascending powers ofA y, the distance between the 

n*h ona (n + 1)*2 step along the y axis. These are 

n+ 12 %n+%n' Ay 4 xh Ay? + XH" Ay34..... 
5 5 

eeeee (8) 

x'n + 1 = Xf + xy Ay + Xy' Ay2 teeecees 

2 

In addition,use is made of the following Taylor expansion of the potential 

function V(x, y) in ascending powers of x. 

V (x, y) = V(y) + (ov). x +1 (2°¥). x% ..... 
(ax)y 2 (ox*)y 

For the case under consideration the system is symmetrical about the y axis, 

and hence all the odd order derivatives are zero. Further, from Laplace's 

. 2 equation Vs -¥V 
a A 

oN (xy y) = Vy) ~ 2: CAR). x? 4.008. ie. (9) 
2 (day*)y
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Thus the potential at an off-axis point (x, y) may be expressed in terms of 

the potential V(y) and its derivatives along the axis. 

By differentiating equation (9) first with respect to x and then with respect 

to y it may be deduced that 

BE, = -V"'x; Ey =+V! 

including derivatives up to second order in potential. 

Hence equations (6) and (7) become 

x" = , (-xv" a V'x') 

ev 

xh s , [ evr? ~ 2w") x! ~ viv" | 
4v2 

Substituting these in equations (8) gives the expressions:— 

H+ 12 Xu [1 - 1/4 (w/v) Ay? + 1/24 (weve) Ay’ 

+ x'n| dy ~ 1/4 (viv) Ay? + 1/24 { (w')2 -2(v"h Ay:| 

and x'ny ge xh .[ 1-1/2 (Vi) Ay + 1/8 { (w/v)? -2 (v"~fdy?] 

+ x, [-1/2 (v"/v) Ay + 1/8 (v'v"/v?) Ay?| 

which are the Liebmann/Archard recurrence relations given in the text.
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3.3 MAXIMUM OF OFF-AXIS EFFICIENCY 

The problem is to find the relative values of § 4 and §— for the maximum 

value of ld,— do: | subject to the condition that (tan § 4~ tan 8_) isa 

constant. 

The same values of 8, and $_ will be found at the maximum of the function: 

eee) iw Si teak) 2 

where A is a constant. For clarity let A= 8, and B= §_. At the 

turning values of the function f, the following equations must hold 

simultaneously: 

i+ Aas be 6 

= -1 - A sec* Beze0O 

Bl
e 

SI
F 

Eliminating \ from these two equations gives 

sec’ A = sec B 

er cos A= it cos B 

which gives A = + B for the quadrant -1/2<a< 1/2 

-1 /2<B< 10/2 

Now when A = B, |A-B| is a minimum, and hence |A=- Bl has a maximum 

when A = =—B or when 8 = -§_ ° 
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APFraewpii. IV 

PREPARING A DATA TAPE FOR THE COMPUTHR PROGRAM KSA67 

A flow diagram for KSA67 showing the data controlled options is shown overleaf. 

The data tape contains three distinct blocks of numbers. These blocks specify 

respectively, the data for the calculation of the transformation constants, 

data for the potential distributions and the initial conditions for the 

computed trajectories. 

The data is presented in the following order:- 

Vo V, Vo V3 Vy Vs V6 

‘ 
Ss * AV; J AV;...K AV, P 

R 

either M Yy Yo5- ° Ty or -l Ey E5. e By 

By YUBJ 

omen. 

  

further data 
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(a) CONTROL NUMBERS 

The integer T heading each set of data is a control number and defines the 

4 

operations to be carried out. The permissdable values of T and their functions 

are given below: 

  

  

7 FUNCTIONS 

0 Terminate Execution 

1 Execute complekcalculation 

2 Calculate Transformation Constants only 

(3) Internal use only 

4 Read more program (RMP) 

5 Commence at Voltage calculation         
If any other value of T is setythe execution will be the same as if T = 1 

were set. If T = 3 is mistakenly used, the transformation constants will 

be calculated and then the caption 'Transform solution not accurate enough 

after 51 iterations’ will appear, and a further value of T will be sought. 

A typical calculation will have a data tape starting with a T value of 1 

and ending always with a T value of 0.
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(bo) GEOMETRY CONSTANTS 

The geometry constants Sy to 55 and Do to Ds must be specified in the order 

shown above. Dp is the distance between the ion exit slit and the adjustable 

source slit, and is used in the time-of-flight calculation (Section 3.8). If 

T has been set equal to 2, a further value of T is sought after the output of 

the calculated transformation constants. 

(c) VOLTAGE CONSTANTS 

The row of voltagesVo to V6 give the initial voltages on the system electrodes, 

which are assigned to successive electrodes such that Vg is the voltage of the 

plane electrode. The following row of data specifies the way in which it is 

required to vary the voltage of selected (or all) electrodes. s/is the total 

number of electrodes for which it is required to increment the voltage. Then 

follows a pair of data values for each of the voltage-change electrodes. I, 

J, Kk... are the positional numbers of the voltage electrodes, and AV;...AVy 

are the voltage increments required on the specified electrodes I, J, K. 

For example ...-3 5e-. would mean that it was required to increment tks 

voltage Vo (not V3) in steps of 5v. 

P, positioned at the end of this data row specifies the total number of 

times the electrode voltage configuration will be incremented. P may be 

any integer greater than or anal to one. If 2" is equal to zero (i.e. no 

voltage changes wish to be considered) nothing further need be put on this 

data row.
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(a) TRAJECTORY INITIAL CONDITIONS 

This data set is coaded by 'R', an integer greater than or equal to zero 

which specifies the number of computed voltage distributions and trajectory 

plots that are to be Sood For example,if P is set equal to 6 and R 

equal to 1, then twelve tables will be computed ~ six each of voltage 

distributions and trajectory plots. Since R = tyonly the first set will 

be printed out for inspection. In this data set there is the choice of 

specifying a fixed ion initial energy (B,) combined with up to seven 

different object positions (Y, to Yy)yor alternativelybhave a fixed object 

position with up to seven different initial energies. The former is allowed 

when M is positive and the latter when M is negative. If Mis zero, control 

passes to Chapter i,and another value of T is sought. 

(e) FURTHER DATA SETS 

After the completion of a complete lens calculation (a ‘data set',) control 

passes to Chapter i and a further value of Tis sought. Thus if the next 

value on the data tape is 1 the data for the next geometry can be read in. 

If this next value is 5, the next line of data will be a new electrode 

voltage line-up, it being understood that the same geometry as for the 

previous calculation is required. The first data set of a run will never 

start with a T value of 5.
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A zero terminates the run, and the last data set will always end with 

0 
—> * 

(f) CHAPTER O 

In KSA67, chapter 0 is used to set the values of four variables. Normally 

each one takes a pre<assigned value but one or more may be altered if 

desired. 

The variables are given below:- 

ac B’ is the “-slit half-width in radians. This is usually set to 

B’ = 0.00625. 

G’ is the initial slope of the 'paraxial' rays which may be computed. -
 [e ° 

This is normally set to Gs 0.1. The starting off-axis distance is 

always zero and this is specified in the body of the program. 

iii, H is the starting off-axis distance of the 'off-axis' ray, which is 

set to 1.20. The ion withdrawal wedge table will thus give the 

efficiencies for H = 0.3, 0.6, 0.9 and 1.20. 

iv. H’ is the starting off-axis slope of the off-axis ray, which is set 

to zero. If H’ is set to a non-zero value ( |H’l >0.0001), the 

efficiency calculation has no meaning and the program outputs up to 

and including the focal property table,and then returns control to 

Chapter 1 to ask for a new T value.
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Chapter O therefore takes the following form:- 

KSA67 

CHAPTER O 

/ 
B= 0.00625 

feo) 

H «= 1.20 

x” 0 

ACROSS (1,1) 

CLOSE 

  

Data 

  

The appropriate Chapter 0 is followed by the data in the form detailed 

above. 

(g) READ MORE PROGRAM (RMP) 

The variables set in Chapter 0 have been chosen: to be those variables which 

rarely require alteration. Should the need arise to change these between 

data sets the RMP facility has been incorporated in the program. If the 

data set commences withaT number of 4 the RMP instruction is executed and 

the next thing that follows on the data tape must be a Chapter 0. This in 

turn will be followed by a new value of T and the rest of the data in the 

normal way.
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Chapter O may also be used to transfer control to a point in the middle of 

the program, in the same way that T = 5 transfers control straight to the 

voltage calculation. However, the programmer should study the program 

carefully before doing this as the values of the primed integer constants 

are not preserved in an RMP operation. 

(h) EXAMPLE 

As an example of a data set for KSA67, the following gives the data required 

to obtain the output shown in Figures 2.7, 3.1, 3.5, 3.6 (1st data set) and 

Figure 2.8 (2nd data set). 

ee 

AUTOJOB 

JOB (S, 5, 2/30, P) 

LIBRARY (KSA67) 

CHAPTER O 

B = 0.00625 

ACROSS (4,1) 

CLOSE
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Sens 400 156 0.58 °° «(018 

114 28 ie. tee. O18 3.2 

0 0 7440 7440 8000 8000 7995.3 

1 7 7. 6 

, 

3 =1.50 1.60 -1.70 

0.04 

5 

0) 0 7440 7440 8000 8000 17997 

0 

1 

0 

0 
— 

The instructions immediately preceding Chapter O call the program KSA67 from 

the magnetic disc K-code library. 

(i) TIME ALLOWANCE 

The approximate time taken for program execution can be calculated in the 

following way. 

(i) Allow two minutes for compilation and calculation of the transformation 

constants.
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(ii) Allow 40 seconds for each calculation involving a determination of 

a voltage and its derivatives. The total number is given by the data 

value (P). 

Thus the estimated time taken for the example in section (h) would be 

(2 + 2P/3) + 2/3 = 8 minutes. 

compared with an actual time of 6.50 minutes.
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a? PRES ey 

ELECTRON MOTION IN A STATIC MAGNETIC FIELD 

(a) IMPLICIT EQUATIONS 

Suppose the electron, charge e, mass m, has a velocity Vp» energy, V. 

perpendicular to the magnetic field,and velocity Vo» energy, Vo» parallel 

to the magnetic field of strength B. 

The force equation perpendicular to the field is 

2 
mp = eveB 

where r is the radius of the circular motion 

“ rs (g). mvp ae 8 
(a) &. 

4 , 8 

or r= (2n) (= On 
e/foe th” ; 

The period of the motion T, is given by the equation 

T «= 21r = 21mc from equation (1) 
Up eB 
   



Suppose that in the period T the electron travels a distance d in the 

direction of the field, then d is defined by the equation 

d= VT = 2lme. v 
oa 

or d= 2%, (2n)8, pe ees CO) 
wo. £3 

(b) Explicit forms of d_and r 

The values of the atomic constants used are3= 

m = 9.1083 x 10729 gm, 

e@= 1,602 x 107% e.m.u. 
c 

jeV = 1.602 x i107! ergs 

Thus equation (2) becomes: 

  

r= (2x 9.1083 x 1078 x 1.602 x 10712) [ee] 
1.602 x 10-20 B 

= [18.2166 ]#. | vt 
1.602 B 

ce he Se ST 6 Vee cm B in gauss 
B Vp in electron volts 

which is equation 5.6 of Section 5.
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From equation (3) the value of d is given by: 

@ = 6.2832 x 3.372, Yo 2 
B 

ss d = 21.19 Vo® cm B in gauss 
B Vp in electron volts 

  

which is equation 5.5 of Section 5.
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COMPUTER INTERPRETATION OF HIGH RESOLUTION MASS SPECTRA * 

By M. BARBER, P. POWERS, M. J. WALLINGTON and W. A. WOLSTENHOLME 
Consultant Laboratory, Associated Electrical Industries, Ltd., Manchester 

At the 1965 meeting of Committee #-14 of the American 
Society for Testing Materials, results were presented?:? 
which showed that complete high resolution mass spectra 
could be recorded electrically in 10 sec and the data then 
processed using computing techniques to give, if desired, 
an element map*. The sensitivity of the system is such 
that a useful spectrum can be obtained from 0-2 ug. 

Fig. 1 shows diagrammatically the arrangement of such 
a system. A reference sample, usually perfluorokerosene, 
is admitted to the mass spectrometer together with the 
unknown sample which may be a single organic compound 
or the effluent coming directly from a gas—liquid chromato- 
graphy column. 

The element map is now a well known way of tabulating 
in a digestible form the large amount of precise data which 
is obtained from a complete high resolution mass spectrum. 
For many compounds, however, the size of such a map 

becomes unwieldy. For example, for a compound con- 
taining four nitrogen atoms and six oxygen atoms, the map 
would contain thirty-five columns. Moreover, the inter- 
pretation of such maps can become time consuming and 
tedious. The next logical step would, therefore, seem to be 
to programme the computer to carry out at least a partial 
interpretation of the data. 

Two possible approaches to this task are (a) to get the 
computer to generate all possible structures for a given 
molecular formula and to check each structure against the 
mass spectrum, and (b) knowing the compound type, to 
programme the computer to look for specific fragmenta- 
tion processes for structure determination. This article 
describes some of the results which we have obtained using 
the second method. For the initial study we have chosen 
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peptides which, because they are built up from relatively 
simple units, lend themselves readily to this type of 
approach. Examples of linear, cyclic and cyclodepsi- 
peptides have been considered. All spectra were obtained 
using a high resolution, fast scanning mass spectrometer. 

The basic logic and operations in the programme are 
shown in Fig. 2. The programme has been written so that 
it can be connected directly to the element map programme 
and so that an interpretation can be made before or instead 
of the mapping process. The peaks in the mass spectrum 
are stored as atomic compositions and the first operation 
of the computer is to find the molecular formula of the 
compound. Once this has been done there are, in the case 
of peptides, several deductions which the computer can 
make by consideration of the molecular formula alone. 

(a) If mono-amino mono-carboxylic acids only are 
considered, by analysis of the numbers of nitrogen 
and oxygen atoms and the number of double bond equiva- 
lents in the molecular formula, the type of peptide can be 
determined. For example, for acyclic peptide the number of 
nitrogens is equal to the number of oxygens, and if the 
number of double bond equivalents is equal to the number 
of oxygens minus one, the peptide is linear. In this part 
of the programme it is necessary to consider the presence 
of phenylalanine which, although mono-amino mono- 
carboxylic, does contain four ‘‘extra’’ double bond 
equivalents. The computer, therefore, is programmed 
during this operation to determine the number of phenyl- 
alanine units present. 

(b) It is also possible for the computer to carry out an 
amino-acid analysis, again by consideration of the number 
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* This paper was presented at the fourteenth annual meeting of the ASTM Committee E-14 on Mass Spectrometry and Allied Topics in Dallas, May 1966.



amino-acids and hydroxy acids, or the arrangement may 
be irregular. The computer is programmed, therefore, to 
look for amino-acids and hydroxy acids alternately, but if 
a hydroxy acid cannot be found, another amino-acid unit 
is searched for. The hydroxy acid units are recognized as 
CnHen-202, because only mono-hydroxy acids have been 
considered at this stage. If the computer can find neither 
acid type unit, it will say so and try an alternative initial 
loss. The end of a complete sequence is recognized if the 
residue contains no nitrogen, that is, after the final amino- 

acid unit has been found, as this will be the part of the 
hydroxy acid involved in the initial ring opening. For 
completeness of print-out, OH is added to this residue and 
the unit is then printed out as it occurs in the ring. 

Fig. 3 shows the computer output obtained when the 
high resolution spectrum of (Gly-Ala-Phe), was read into 
the computer. In this case, an incorrect amino-acid 
analysis was deliberately fed in. It can be seen that the 
computer first finds the molecular formula. The amino- 
acid analysis was read in incorrectly as one unit of glycine, 
two units of alanine and three units of phenylalanine. The 
computer, of course, finds that this does not add up to the 
molecular formula and prints ‘amino acid analysis 
incorrect’. It then proceeds to correct it by subtracting 
one unit of glycine, alanine and phenylalanine from the 
molecular formula and at this stage it prints the residue 
as “new molecular formula’. All possible combinations of 
amino-acids which could add up to this formula are then 
found—in this example only one, namely, one unit each of 
glycine, alanine and phenylalanine. This is printed and 
the amino-acid analysis is now corrected, that is two units 
each of glycine, alanine and phenylalanine. Only these 
three amino-acids are now used for sequencing. The 
initial losses found are alanine and phenylalanine. The 
sequencing is then completed using the initial loss of 
alanine—the amino-acids are in this case listed vertically, 
and ‘‘cyclo”’ is printed when the sequence is complete. The 
initial loss of phenylalanine is next taken and in this case 
only a partial sequence is found—Phe. Since no other 
initial losses are available, the sequencing using fragmen- 
tation type A is completed. 

Fig. 4 shows the output obtained using the complete 
high resolution spectrum (containing about a hundred 
peaks) of the regular cyclohexadepsipeptide enniatin A’. 
The first amino-acid unit lost was methyl leucine (MLU) 
and in this case any other initial losses are stored but not 
printed at this stage. A C5 hydroxy acid is next found 
and then another methyl leucine unit, etc. The sequence 
is complete when the final hydroxy acid unit is found. 

Fig. 5 shows an example of an irregular cyclohexadepsi- 
peptide, isariin®*, which contains five amino-acids and one 
hydroxy acid. This figure shows an example of the 
determination of the peptide type after the molecular 
formula has been found. In this case no phenylalanine 
units are found to be present. The first amino-acid unit 
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lost is valine and the sequence is completed when the one 
hydroxy acid unit present at the end is found, that is 

CysH 202. 
It should be pointed out here that in these two cases of 

cyclodepsipeptides, it was found that the computer could 
fail to complete the sequence, or even give an incorrect 
sequence, mainly as a result of peaks being present in the 
spectrum, particularly at low mass, which corresponded 
to the loss of CrHyn-,0, after the previous loss of an 
amino-acid. An incorrect hydroxy acid was thus found. 
To overcome this, we found it necessary, in the case of 

A/SA/57 
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of nitrogens, oxygens and double bond equivalents in the 
molecular formula. The computer has been programmed 
to consider nineteen amino-acids and to print all possible 
combinations of these which will give the molecular for- 
mula. This can be done directly for cyclic peptides, but 
for linear peptides the N-acyl group and the C-terminal 
group, usually OCH;, must first be subtracted. With 

cyclodepsipeptides a knowledge of the hydroxy acids 
present would be necessary. 

Another important point in connexion with the amino- 
acid analysis is that the computer will accept any known 
chemical evidence; for example, any qualitative and/or 
quantitative analysis of the amino-acids present. This 
information, if any, can be read in and the computer will 
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Fig. 2. Peptide analysis programme. 

check it against the molecular formula determined by the 
mass spectrometer and, if necessary, correct it. An 
example of this type will be given. 
When an amino-acid analysis has been performed, the 

computer will then only consider those acids for subse- 
quent sequence determination. 

The sequencing part of the programme varies slightly 
depending on the type of peptide being analysed. The 
main features in each case are as follows: 

(i) Linear peptides. One of the main fragmentations in 
linear peptides is simple cleavage of the peptide bonds* 

which results in the successive loss of amino-acid units. 
This type of fragmentation also occurs after ring opening 
in cyclic and cyclodepsipeptides. The amino-acids are, 
therefore, stored in the computer as peptide units; for 
example, valine is stored as C;H,NO VAL. 

With linear peptides, the computer is programmed so 
that after the molecular ion has been found, the C-terminal 

group (OCH, for peptide methy] esters) is subtracted from 
it and the residue is stored. Each peak in the mass 
spectrum (stored as an atomic composition) is then sub- 
tracted from the molecular ion minus OCH; and the 

residue is compared with the amino-acid units in the 
store. When an amino-acid unit loss is found this unit is 
subtracted from the molecular ion minus OCH, and the 
new residue is stored. Each peak in the spectrum is then 
subtracted from this residue and the result compared 
with the amino-acid units as before. Each acid unit loss 
found is, of course, printed out. For the reason that a 
peak is not always observed in the spectrum which 
corresponds to the acyl ion itself the computer is pro- 
grammed to print out the residue containing the N-ter- 
minal amino-acid if the acyl ion (containing no nitrogen) 
is not observed. 

(ii) Cyclic peptides. Two types of fragmentation’, 
differing in the mode of initial ring opening, have been 
considered for cyclic peptides. The first, which we have 
called type A, occurs when the peptide ring opens by 
way of a McLafferty type rearrangement. The simple 
cleavage of a peptide bond following this then involves the 
loss of an amino-acid unit-+NH,. In this case, therefore, 
the computer is programmed to find the initial amino- 
acid loss by testing each peak in the mass spectrum to see 
if it is deficient with respect to the molecular ion by NH, 
plus an amino-acid unit. All such “initial losses’ are 
looked for and stored because the peptide ring can open 
at more than one place. These residues (M+-NH,-amino- 
acid unit) are then taken in turn and used for further 
sequencing in the same way as for linear peptides. In this 
case, the completion of sequencing is recognized when the 
total amino-acid units found equal the molecular formula. 
If the sequencing is incomplete using one initial loss, that 
is, the computer cannot find a peak corresponding to the 
further loss of an amino-acid unit, the residue at that 

stage is printed out and the next initial loss in the store 
is considered. 

The second fragmentation (type B) we have considered 
for cyclic peptides is that involving ring opening by loss 
of an amine fragment (that is, an amino-acid unit minus 
CO). In this case, therefore, the initial losses are found by 
subtracting CO from the molecular formula and then 
testing every peak against the residue as before. Further 
sequencing is carried out as for type A fragmentation. 

(iii) Cyclodepsipeptides. These peptides contain hydroxy 
acid as well as amino-acid units. There are present, 
therefore, ester bonds as well as the usual amide or peptide 
bonds. The fragmentation of these peptides has been 
studied in some detail®, and three types are predominant. 
The type we have used so far for this work is that in which 
the ring opens at the ester bond and involves the loss of CO,. 
The resultant ion can then lose a hydrogen atom and 
further fragmentation proceeds by simple cleavage of the 
amide and ester bonds, successive units of amino and 

hydroxy acids thus being lost. The first step in the 
sequencing is for the computer to find all initial losses by 
looking for a peak deficient with respect to the molecular 
ion by an amino-acid unit plus OH (the first loss after ring 
opening will always be an amino-acid unit). Cyclo- 
depsipeptides may contain regularly alternating units of
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these depsipeptides only, to read into the computer a 
qualitative acid analysis, for example, that which would 
be obtained after hydrolysis of the peptide. 

Fig. 6 shows an example of a linear N-acyl tetrapeptide 
methyl ester. Here the acyl ion itself was present and the 
complete sequence together with the acyl group is printed. 
It is worth noting that in our first programme for linear 
peptides the technique which we adopted was to make 
the computer start with the acyl ion and work upwards in 
mass. When this was done, the computer printed the acid 
sequence Ala-Val-Gly-Gly. A second unit of glycine not 
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present in the peptide had been found by the 
computer because the peak in the spectrum 
corresponding to loss of the leucine side chain 
by way of a McLafferty rearrangement had the 
atomic composition corresponding to this se- 
quence’. This anomaly is avoided if our present 
technique of starting at high mass is adopted. 

Conclusions 

The results we have obtained with these 
peptides show great promise. Computer inter- 
pretation of the complete high resolution mass 
spectrum can completely remove the necessity 
for a quantitative amino-acid analysis. Further. 
for linear peptides the use of the complete high 
resolution scan obviates the necessity to acylate 
with a long chain fatty acid. An acetyl group 
is sufficient since the computer identifies all 
peaks by their atomic compositions. 

This type of work will be continued with other types of 
compound using specific fragmentation processes where 
the compound type is known and also using the ‘‘structure 
generation”’ method for the more general case. 

Senn and McLafferty!® and Biemann e¢ al." have alsc 
investigated the computer interpretation of the mass 
spectra of peptides; however, they have considered only 
linear peptides and have not used the computer to per. 
form any amino-acid analysis or ‘‘peptide type’’ deter. 
mination. 
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