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Techniques for chemical analysis of both inorganic and organic solids in tha
mass spectrometer are now well established. A new instrument in which
impurities in inorganic solids can be detected at a concentration of 0.001
ppm (atomic) is described and analyses of a variety of materials are presented.
A high resolution instrument now being built for the investigation of complex organic compounds will permit identification of ions by means of mass
measurement to a few parts in 10 . Chemical analysis by the isotope dilution
6

method is also discussed.

I N T R O D U C T I O N

The early development of the mass spectrometer as a tool for routine
chemical analysis was directed chiefly towards application to gaseous samples; little work was done on the chemical analysis of solids, although
methods of producing positive ions from solid materials had long been
known [12, 13, 14, 24]. In the last five years, however, the exploitation and
improvement of these techniques have led to the establishment of the mass
spectrometer as an important tool in several fields of solid analysis.
Of these, the three most important are:
(a) Analysis of impurities in inorganic solids using the vacuum spark
source.
(b) Trace element determination by the isotope dilution technique.
(c) Qualitative analysis and identification of organic materials with the
use of high resolution techniques.
These applications demand different experimental approaches if optimum
performance is to be obtained. The object of this paper is to review the
applications, to indicate the instrumental requirements, and to describe in
particular two new instruments specifically designed for spark source mass
spectrometry and high resolution.
The crucial problem in the mass spectrometric investigation of solids is
the production of positive ions representative of the sample composition.
For general chemical analysis of inorganic solids the vacuum spark is the
only satisfactory source of ions since it is the only one which has approxi-
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mately equal ionization efficiencies for all elements. Many features of the
design of an instrument for this work follow from the choice of this source,
in particular the use of a double focusing mass analyser system of the
Mattauch type [23] which permits detection of ions on a photographic plate.
In an instrument intended for the study of complex organic compounds,
particularly for structural identification by accurate mass measurement, a
double-focusing system is also necessary, but the ion source, the collector
and sampling systems and many of the electronic circuits required are quite
different. Consequently an entirely fresh approach was made in designing an
instrument for this application and the Nier-Johnson type [22] of analyser
system has been adopted as more ideally suited to this problem.
The isotope dilution method as applied to solids involves the thermal ionization technique aud yet another type of ion source, but the rest of the
instrument may be conventional and comparatively simple. The method is
useful in certain special problems in inorganic analysis.

SPARK

SOURCE

MASS

SPECTROMETRY

Introductory
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application
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spark

source

mass spectrometer to chemical

analysis of inorganic solids was first investigated by Dempster [15] in 1946
and, within a few years, successful analyses of steels and of semi-conductor
materials were reported by Gorman et al. [17] and Hannay [18, 19] respectively. In 1958 Craig et al. [11] reported analyses of a wide range of materials,
using the prototype MS7 instrument, the limits of detection for impurities
being generally in the region of 0.01 to 0.1 ppm (atomic).
The advantage of ionization in the vacuum spark over other methods of
ionization of inorganic solids is that the sensitivities for different elements
are comparable. This is not the case in either of the two other methods
commonly used, namely, the direct evaporation of the solid from a small
furnace into the ionization chamber of an electron bombardment source,
and thermal ionization [26]. In the former case, the rates of evaporation
vary over a wide range for different elements, and for thermal ionization
the ionization efficiencies vary over an even wider range, up to six orders
of magnitude. Thus the ion beam obtained at any instant may be quite
unrepresentative of the chemical composition of the sample and consequently
the application of these methods is limited to isotope ratio measurements.
In contrast, the sensitivities for different elements in the spark source lie
for the most part within a factor of three.
Further advantages of the spark source technique lie in freedom from
matrix effects and linearity with concentration, eliminating the need for a
wide

range

of

standards.

Fig. 1.—Schematic diagram of MS7 mass spectrometer.
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Fig. 2.—Schematic diagram of the spark unit.

Instrumental
Experience with the prototype instrument [11] made it clear that better
detection limits could be achieved using a vacuum system which could be
baked out at high temperatures, and that sample throughput and ease of
operation would be considerably improved by incorporation of vacuum
locks for replacement of samples and photographic plates. These improvements are incorporated in the new MS7 mass spectrometer, a schematic
diagram of which is shown in Fig. 1.
T w o electrodes of the sample material, approximately \ inch long and 0.01
square inches cross-section, are mounted in the ion source with their tips
about 0.02 inches apart, and a spark is passed between them by application
of a pulsed r.f. voltage of up to 100 k V amplitude. A block diagram of the
spark unit is shown in Fig. 2. The spark voltage is carried by a lead which

Fig. 3.—Ion source of the MS7 mass spectrometer.
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passes into the source via a sealed-off evacuated glass bushing, while the
electrodes are carried on glass supports which can be moved in three
mutually perpendicular directions from outside the source housing by
means of controls operating through bellows. A l l electrodes in the immediate
vicinity of the spark are of tantalum, in order that the ions which may occasionally be produced due to stray sparking during an exposure are limited
to those of this element only. Internal illumination of the source is provided
and the sample electrodes can be viewed through a window to facilitate
adjustment of the spark during the exposure. The interior of the source is
shown in Fig. 3.
Positive ions, representative of the sample composition, are produced
directly in the discharge and are accelerated through a simple ion gun by
a potential difference of 20 kV. The ion beam is defined by a slit 0.005 inches
wide by 0.04 inches long, which is the only connection between the source
and analyser regions; this, together with a further stage of

differential

pumping immediately preceding the electrostatic analyser, enables a pressure
differential of more than 10,000:1 to be maintained between the source,
where outgassing during sparking may cause a large pressure rise, and the
analysers. Immediately behind the source slit there is a metal ball valve
which closes off the source region from the analysers completely and
enables the source pressure to be raised to atmospheric for replacement of
the sample [7].
The analyser system is of the Mattauch type [23] which has the advantages
that it provides energy focusing to compensate for the hundreds of volts
ion energy spread inherent in a spark source, it provides a flat focal surface
suitable for use with a photoplate detector and it can be adapted to give
small second order aberration coefficients over a wide mass range [30]. The
mean radius of the electrostatic analyser is 15 inches and the plate separation
is 0.75 inches. Direct or indirect ion bombardment of the supporting insulators is prevented by end mounting the plates from a shielded glass disc
[8]. Radii of the ion trajectories in the magnetic analyser lie between 1.34
and 8.04 inches and the magnet gap is 0.125 inches.
Between the electrostatic and magnetic analysers is the monitor collector
which intercepts 50 per cent of the ion beam emerging from the source
before it is mass-analysed; the instantaneous current to the monitor collector
is used to facilitate adjustment of the spark conditions for optimum ion
current, and the integrated monitor output is used as a measure of exposure.
The instantaneous and integrated values are displayed on meters alongside
the source.
The mass spectrum is recorded on a 10 inch by 2 inch photographic plate
coated with Ilford Q I I emulsion. Ions covering a mass range of 35:1 can
be focused simultaneously on the photographic plate and the magnetic
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field is usually adjusted so that the spectrum is recorded over the range
m/e 7 to 240. If necessary, ions outside this mass range can be recorded on
a separate exposure by setting the magnetic and/or the electric field at
different values.
In impurity analysis it is usual to record on the same plate a series of
graded exposures of the mass spectrum of a sample, and the plate can be
moved across the magnet gap so as to accommodate up to 15 exposures
on one plate by means of a lever operating through a bellows assembly.
Some examples of spectra recorded in this way are shown in Fig. 4, where
the exposure is increased each time by a factor of approximately 3, giving
a range of intensity of about a million to one. While changing to a new
exposure the ion beam, but not the spark, is momentarily switched off by
applying a deflecting voltage to the beam suppress electrodes (Fig. 1) and
the integrator is reset to zero.
The maximum ion current usually obtained from the ion source is of the
order of 10~ amps, of which 50 per cent is intercepted by the monitor
9

collector. The longest exposure normally used, measured in terms of the
total integrated ion current falling on the monitor collector, is 10~ coulombs,
e

and this exposure takes approximately 30 minutes to record. The amount
of sample consumed is of the order of a few milligrams.
A n electrical detector for the separated ion beams can be fitted if necessary,
but this is not normally done for impurity analysis. The photographic plate
is a convenient integrator of the fluctuating ion beams, and its sensitivity
can be judged from the fact that a detectable line is produced by only 10,000
ions, corresponding to an average ion current of 1 0

- 1 8

amps on a 30 minute

exposure. Such low ion currents would be just detectable using an electron
multiplier, but counting techniques would be necessary and since only one
spectral line at a time could be counted, the time required to determine more
than a few elements at such low concentrations would be excessively long.
In addition, the photographic plate provides a record which gives a complete
survey of all impurities at a glance; from it an element is immediately
recognizable by its isotopic constitution; it effectively provides ratio recording of all lines simultaneously, and it is easily interpreted and stored.
A n operating pressure in the analysers of the order of 10~ torr is necessary
8

for the achievement of limits of detection in the 0.001 ppm range and,
accordingly, the vacuum system is constructed of stainless steel and gold
gaskets are used throughout, so that the whole system, except the photoplate
magazine, can be baked out at 250°C. In practice a considerable part of the
reduction in residual pressure is attributable to the exclusion of rubber
gaskets and only an occasional bakeout at high temperature is necessary
to maintain the highest vacuum.
In addition, the vacuum system is designed to facilitate the rapid replace-

-6

Fig. 4.—Mass spectra of (a) a zirconium alloy, (b) and (c) spectroscopic grade graphite. The exposures are given in arbitrary
units; an exposure of 1000 corresponds to an integrated monitor current of approximately 10 coulombs.
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Fig. 5.—Vacuum schematic
of the MS7 mass spectrometer. D diffusion pump, C.T.
cold trap, I.G. ionization
gauge, T.C. thermocouple
gauge, P.S. Pirani switch.

ment of samples and photographic plates without loss of vacuum in the
important analyser region. A schematic of the vacuum system is shown in
Fig. 5. The source, the region between source and electrostatic analyser,
the electrostatic and magnetic analysers and the photoplate magazine are
each pumped by a 3 inch oil diffusion pump with liquid nitrogen cold trap.
In operation the valves V

3

and V

1 0

are closed, V

4

valves are bakeable). T o change the sample, V

4

admitted to the source through valves V

x

re-evacuated through valves V

3

3

and V

and V

are open (all these

5

and V

5

are closed, air is

and the source is roughly

and V . The controls for these valves are
2

situated immediately above the source and are operated in a simple sequence,
while the progress of the operation is monitored by the vacuum gauges
placed alongside the source. Samples can be changed and the instrument
pumped down ready to begin exposures in about 1 0 minutes.
A similar sequence of operations is carried out in order to change the
photoplate. Eight plates are stored under vacuum in a magazine at the
rear of the cubicle, from which a plate can be moved into the operating
position by a simple to-and-fro motion of a ramrod mechanism. During
replacement of the plate, the bakeable sliding glass valve V

1 0

is opened while,

for removal and reloading of a batch of plates, the rubber-seated flap valve
V

9

is closed.
In the overall arrangement of the instrument considerable attention has

been given to accessibility and convenience of operation. In the main
cubicle, a side view of which is shown in Fig. 6, accessibility has been
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Fig. 6.—Side view of main cubicle of MS7
mass spectrometer.

achieved by removing the basic electronics to a separate cubicle and retaining
only the pre-amplifier, the spark circuit output stage and the operator controls. For the convenience of the operator, all electrical, mechanical and
vacuum controls associated with setting the analyser fields, changing samples
and taking the exposures are conveniently grouped around the source as
shown in Fig. 7. Controls associated with the extraction and reloading of
photoplates and with the baking are at the rear of the cubicle.

Nature of the mass spectrum
The mass spectrum of an element is relatively simple, the most intense
lines being those of singly-charged ions occurring at the isotopic masses of
the element. Multiply-charged ions are also observed, at one-half, one-third,
etc. of the isotopic masses, but the intensities of these lines fall by a factor
of about five for each degree of ionization. The lines due to Z r
m/e 90, 91, 92, 94 and 96, and those due to Z r

2 +

and Z r

3 +

+

ions at

ions between

m/e 45 and 48 and m/e 30 and 32 respectively can be readily picked out in
the spectrum of the zirconium sample in Fig. 4(a).
Polyatomic ions are relatively rare, occurring in significant numbers only
for silicon, carbon and aluminium among the materials so far studied. In
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Fig. 7.—Desk and control panels of MS7 mass spectrometer.

Fig. 4(b)

lines due to the polyatomic ions Cn can be seen for values of

η up to 21. Despite the added complexity of the spectrum and the con
siderable number of mass positions occupied in this case by lines due to
the major constituent, there are relatively few elements whose mass spectrum
is obscured to a serious extent, though the necessity of using a line due to
an isotope of low abundance or a multiply-charged ion may result in a
higher limit of detection for some elements. For the majority of elements
the line due to the diatomic ion is of very low intensity (the intensity of the
Z r + lines is less than 0.001 per cent of the Z r
2

+

lines in the zirconium spec

trum). Complex ions such as A l N i + , F e 0 + and F e O H
2

+

are occasionally

observed, but always in low intensity. In general the formation of such
complex ions can be reduced using a weaker discharge which is achieved
by reducing the spark voltage.
Another feature of the mass spectrum arises not from the ionization
process but from charge exchange processes during collisions between ions
and residual gases in the analysers. The various possibilities are considered
in detail by Craig et al

[11], but as an example the process F e

2 +

+ N ->
2

F e + N + leads to a background continuum extending from m/e 28 to
+

2

m/e 112, and in practice this background is generally the factor which
determines the detection levels for impurities. The intensity of the back
ground is, of course, proportional to the pressure of the residual gases in
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the analysers, and it is the reduction of the residual pressure by nearly two
orders of magnitude in the present instrument which is mainly responsible
for the improved limits of detection for impurities which are given in the
following section.
Impurity analysis
The

methods

used for

the

qualitative

identification and quantitative

determination of trace impurities in solids have been fully described elsewhere [11]; only the salient features will be briefly recalled here:
L A n impurity element is identified from lines at its isotopic masses; by
the presence of lines due to multiply-charged ions; or by accurate measurement of the position of the line to determine the mass defect.
2. From visual examination of the plate, a semi-quantitative determination of the concentration of the impurity element is obtained from comparison of the exposures at which lines due to the impurity and the major
constituent become just detectable. A survey of all impurities in the sample
is rapidly obtained and relative concentrations can be estimated to within
a factor of two by this method.
5. A more accurate analysis is obtained by microphotometric examination
of the plate. The accuracy of measurements of concentration by this method
is of the order of 20 per cent provided suitable calibration standards are
used.
The intensity of the faintest line detectable on the longest exposure used,
3 x 10

- 6

coulombs, is 0.0003 ppm of the main line intensity. This compares

with a value of 0.006 ppm on the prototype instrument [11]. Thus an element
which consists mainly of one isotope, which has a sensitivity equal to that
of the major constituent, and whose most intense spectral line is not obscured
by any feature of the spectrum of the major constituent, can be detected at
a concentration of 0.0003 ppm (atomic). For elements where any of these
conditions are not satisfied, the limit of detection will be higher but it is
rare for limits of detection to exceed 0.1 ppm. The limits of detection for
impurities in graphite are listed in Table I ; 41 of the 71 elements listed have
detection limits of 0.001 ppm (atomic) or less, 27 lie between 0.002 and
0.01 ppm and 3 lie between 0.02 and 0.1 ppm. The limits of detection for
this case and for three other materials are shown diagrammatically in
Fig. 8.
A s an example of the visual method of estimation, figures for the impurity
concentration of three copper standards are compared in Table I I with the
known composition. The standards were obtained from Johnson Matthey
and the concentrations were estimated visually on the assumption that all
elements are equally sensitive. With the single exception of beryllium in
sample CC5, the two sets of values agree to within a factor of 2. This can
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be taken as evidence that the relative sensitivity of 16 out of the 17 elements
listed does not vary by more than a factor of 2.
T o obtain closer agreement than this requires the more tedious method
employing microphotometry

of the plate and the use of a calibration

standard. However, even with this the accuracy obtainable appears to be
limited to about 20 per cent due to the irreproducibility of the Q emulsions.

Applications
The determination of impurities at very low concentrations is becoming
increasingly important in research and control in a number of fields, includ
ing semi-conductor materials, reactor materials, special alloys and pure
elements. Spark source mass spectrometry is proving an invaluable technique
for this type of analysis; it has the following attractive features:
7. Display of the spectrum of the whole range of elements from lithium
(mass 6-7) to uranium (mass 234-238) in a single exposure of the photoplate.
2. Simple mass spectra directly related to the known isotopic constituents
of the elements, facilitating qualitative analysis.
3. Approximate equality of sensitivity for the elements permitting semi
quantitative analysis without instrument calibration.
4. L o w level of detection, down to 0.001 ppm (atomic).
A disadvantage is the relatively poor reproducibility of analysis.
In semi-conductors, certain impurities are important at a level of 0.001
ppm or less. The limits of detection for impurities in indium arsenide have
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TABLE I.

Element

Limits of detection of impurities in reactor grade graphite.

Detection
Line used
Limit
for
(ppm atomic) estimate

Element

Detection
Line used
Limit
for
(ppm atomic) estimate

Uranium

0.0005

238

Silver

0.0006

107

Thorium

0.0005

232

Palladium

0.001

106

Bismuth

0.0003

209

Rhodium

0.001

103

Lead

0.0006

208

Ruthenium

0.003

101

Thallium
Mercury

0.001

203

Niobium

0.0003

93

0.001

202

Molybdenum

0.002

95

Gold

0.0003

197

Zirconium

0.002

90

Platinum

0.003

195

Yttrium

0.0003

89

Iridium

0.001

191

Strontium

0.0005

88

Osmium

0.001

190

Rubidium

0.002

87

Rhenium

0.0006

187

Bromine

0.0006

81

184

Selenium

0.001

80

Arsenic

0.001

75

Tungsten

0.001

Tantalum

0.003

Hafnium

0.002

178

Germanium

0.02

70

Lutecium

0.004

175

Gallium

0.006

Ytterbium

0.002

174

Zinc

0.001

34i
64

Thulium

0.002

Copper

0.001

65

Erbium

0.001

166

Nickel

0.006

58

Holmium

165

Cobalt

0.0003

59

Dysprosium

0.0003
0.002

164

Iron

0.001

56

Terbium

0.0003

159

Manganese

0.001

55

Gadolinium

0.002

160

Chromium

0.001

52

Europium

0.0006

153

Vanadium

0.003

51

Samarium

0.002

152

Titanium

0.02

46,47

Neodymium

0.002

142

Scandium

0.003

221

Praseodymium

0.0003

141

Calcium

0.003

20

Cerium

0.004

140

Potassium

0.01

Lanthanum

0.0003

139

Chorine

0.002

19i
35

138

lOf

Barium

0.0005

Cesium

0.003

901

841

661

Sulphur

0.01

Phosphorus

0.01
0.01

Iodine

0.0003

127

Silicon

Tellurium

0.001

130

Aluminium

0.01

Antimony

0.0006

123

Magnesium

0.1

Tin

0.002

118

Fluorine

0.003

Indium

0.0005

Boron

0.001

Cadmium

0.001

115
112

11

already been quoted, and in Fig. 9, which shows the lower mass region of a
silicon spectrum, a line can be seen at m/e 11 corresponding to a boron
impurity at a known concentration of 0.1 ppm atomic (0.03 ppm by weight).
F r o m this plate it has been estimated that a boron concentration as l o w as
0.003 ppm atomic would be just detectable in silicon. Other uses of the
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T A B L E II. Analysis of copper standards.
Relative sensitivity of different impurity elements.
Impurity Concentration
(ppm by weight)
Given Composition
(Johnson Matthey)

Mass Spectrometer
(A.E.I.)

Antimony

10

14

Bismuth

12.5

6

Chromium

9

7

Gallium

6

5

Lead

8

6

Silver

11

20

Sample

Element

CA5

Tin
CB5

Cobalt
Iron
Manganese

CC5

6.5

12

11

5

9

6

9

8

Nickel

10

8

Silicon

11

5

Arsenic

27

26

Beryllium
Phosphorus
Tellurium
Zinc

6

1

10

5

9

10

15

10

mass spectrometer in this field include checking of impurity levels in the
raw materials and in the crucibles, etc. used for handling the semi-conductor
[21], measurement of the efficiency of zone-refining processes, and checking
doping of the semiconductor. Other materials of interest in semi-conductor
research which have been examined include germanium, indium, indium
antimonide, indium arsenide, gallium arsenide, gallium phosphide, aluminium, graphite and silica.

Fig. 9.—Portion of the mass spectrum of a silicon sample doped with 0.03 ppm by weight
of boron.
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TABLE I I I .

Element

Analysis of spectroscopic grade graphite.

ConcentraLine used
tion
for
(ppm atomic) estimate

Element

Concentra- Line used
tion
for
(ppm atomic) estimate

Cesium

0.01

Cadmium

0.01

114

Zirconium

0.02

90

Bromine

0.006

79

Chlorine

0.3
100

Selenium

0.005

80

Sulphur

5

lOf

Arsenic

0.001

75

Phosphorus

0.03

Zinc

0.02

64

Silicon

Copper*

0.02

63

Magnesium*

0.3

15*
9*. 141
12*

Nickel

0.03

58

Sodium

0.3

Cobalt

0.001

59

Boron

0.2

66*

Iron*

0.03

Chromium

0.03

Calcium

56
52
40
35,37

10-20

11*
11,5*

* Elements 'just detectable' by optical spectroscopy.

In reactor materials the chief interest lies in impurity elements having a
high neutron absorption cross-section. These include boron and the rare
earth elements, which have poor sensitivity in emission spectroscopy; in the
mass spectrometer the detection limits for these elements in graphite are
all between 0.0005 and 0.002 ppm atomic on a direct determination without
the need for ashing. Uranium and various fuel-canning materials such as
beryllium and magnesium have also been examined. The zirconium alloy
(0.5 per cent M o , 0.5 per cent Cu) whose spectrum is shown in Fig. 4(a) is
for use in reactor construction, and the hafnium impurity detected at a
concentration of 10 ppm is of particular interest.
In certain alloys, such as special stainless steels and the high performance
nickel-chromium and nickel-chromium-cobalt alloys developed for jet engine
construction, elements such as lead, arsenic and antimony at the ppm level
can have a pronounced effect on the physical properties such as creep,
embrittlement, etc. [33]. In this type of application the mass spectrometer
has been used in connection with both research on the final alloy and the
monitoring of individual elements used in its preparation.
The interest in pure elements has covered such diverse problems as corrosion resistance (aluminium, iron), crystal growth (aluminium), electrical
conductivity (copper, tin), incandescent lamp
optical spectroscopy (carbon). Fig. 4(c)
graphite spectrum in which the B

+

filaments

(tungsten) and

shows the low mass region of a

lines at 11 and 10 and B

2 +

lines at 5

and 5* corresponding to 0.2 ppm atomic of boron can be seen. This sample
was of the usual spectroscopic grade and the impurities detected are listed
in Table I I I . In general the problem in pure element analysis is to assist
investigation of different methods and conditions of purification and to
identify and estimate all impurities of the initial and end products.
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ISOTOPE

DILUTION

Principles of the method
The thermal ionization technique cannot be used directly for chemical
analysis because the ionization efficiencies for any two elements may differ
by a factor of up to 10 . However, isotopic abundance measurements can
6

be carried out accurately on very small quantities of the majority of solid
elements by this technique and by noting the change in isotope ratio when
a known quantity of isotopic tracer is added to the sample, an accurate
determination of the concentration of the element is obtained.
The method can be illustrated by reference to Fig. 10 which shows in
diagrammatic form the results obtained during the determination of lithium
in granite [35]. Natural lithium consists mainly of the isotope of mass 7,
with 7.5 per cent of the isotope of mass 6. The mass spectrum of the lithium
extracted from the granite sample will therefore appear as in Fig. 10(a).
A

known quantity of nearly pure lithium-6 tracer is added to various

weighed amounts of the original sample and the isotope ratio of the lithium
extracted from the mixture is measured as in Fig. 10 (rf). The weight of
lithium W

N

present in the weighed amount of sample is then calculated ac-

cording to the formula
WN 1_

\ + 1I6R

W ~6'

\+1I6R

=

T

where W

T

N

T

RM-RT
R -RM
N

is the added weight of lithium-6 tracer and R ,
N

R

T

and R

M

are

the ratios of lithium-7 to lithium-6 in normal lithium, the tracer and
mixture respectively. Only the results of weighings and of ratio measurements appear in this formula and consequently the result is independent of
ionization efficiency and, furthermore, the lithium need not be quantitatively
separated provided the isotopes are thoroughly mixed.
In practice the lithium is extracted in the form of the chloride along
with any other alkali metals present, which do not interfere with the analysis.
The chloride is converted to the nitrate and a drop of the solution is placed
on the thermal ionization filament of the mass spectrometer. Since lithium
may be present in the reagents, a blank run is made with the quantity of
reagents which is to be used in the actual determination, as in Fig. 10(c),
from which the blank correction is calculated to be 0.1 microgram. A s a
further precaution, the determination is preferably carried out with three
different quantities of sample as in Fig. 10(d), (e) and (/).
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Fig. 10.—The determination of lithium
in granite ( G - l ) by isotope dilution
[35].
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Instrumental
The principal requirements in an instrument for thermal ionization are
an ion source of high efficiency, a sensitive ion detector and means for rapid
changing of samples. A resolving power of 300 is adequate for most isotopic
work and a single-focusing analyser system can be used.
A n instrument particularly suited to isotope abundance measurements
by thermal ionization is the M S 5 mass spectrometer, which has been
described by Palmer [26, 27]. This incorporates a triple filament arrangement
in an ion source specially designed for thermal ionization [9] and an electron
multiplier detector. A

sliding-bar vacuum lock enables samples to be

changed in less than one minute without affecting the vacuum.
Applications
The main advantage of the isotope dilution method is its accuracy, which
is normally of the order of 1 or 2 per cent of the amount present. The ratios
of weighings and of ion currents can be measured with much greater preci
sion than the intensities of lines on the photographic plate, and no calibration
with standards or independent determinations of relative sensitivities are
required. The sensitivity is generally high, but varies considerably from
element to element; the minimum detectable quantity of an element varies
from a few micrograms down to 1 0

- 1 4

g. Some examples illustrating (a) the

precision and (b) the sensitivity of the method are given in Table I V .
The chief disadvantages of the method are the necessity for chemical
treatment of the sample, the fact that only one or two elements can be
determined at a time and the time required for an analysis. Furthermore
the method is restricted to those elements possessing more than one naturally
occurring isotope, or for which a long-lived radioactive isotope can be
artificially produced; some fifteen elements are excluded from the method
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TABLE

IV.

(a) Analyses illustrating the sensitivity of the isotope dilution method.
Sample

Element

Result

Uranium

Ammonium nitrate reagent [34]

0.000075 ± 0.000004 ppm

Uranium

Stone meteorite [34]

0.0105 ppm

(b) Analyses illustrating the precision of the isotope dilution method.
Sample

Element

Result

Rubidium

Sea water [32]

0.1214 + 0.0014 ppm

Rubidium

Stone meteorite [36]

0.105 ±0.003 ppm

on this ground. However, where accuracy is the main consideration and
speed is not essential the technique is a useful one. It has already had
numerous applications in nuclear physics and geochemistry [35] and is
likely to be used in the future for calibration of standards for use in the
spark source technique.

INVESTIGATION

OF O R G A N I C

SOLIDS

Introductory
The studies of organic solids so far attempted in the mass spectrometer
fall into two categories. Firstly, there is the extension of the conventional
techniques for quantitative analysis of mixtures of organic compounds into
the high molecular weight region. For this application it is possible to
achieve the resolving power required (up to 1000) with a large single-focusing
instrument and the main problems are introduction of the sample and
interpretation and computation of the complex mass spectra. By using low
ionizing voltages and special computing methods O'Neal and others have
established successful techniques for analysis of petroleum fractions up to
carbon number 40 [20]; other classes of compounds of lower molecular
weight but equally low vapour pressure have also been studied [31].
Secondly, there is the new and promising field of qualitative identification
of unknown organic compounds, in which new methods for accurate mass
measurement of mass spectral peaks have greatly increased the effectiveness
of the technique [1].
The instrumental requirements for these two types of work differ in some
respects, but in both cases electron bombardment is used as the method of
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Fig. 11.—Schematic diagram of MS9 mass spectrometer.

ionization, a mass analyser system of high resolving power is required and
the problem arises of introducing the sample without changing its chemical
nature. The instrument to be described is intended to cover both applica
tions, the emphasis being placed on ease and accuracy of mass measurement.
Instrumental
The MS8 mass spectrometer, a double-focusing instrument designed for
identification of organic compounds, has been described previously [10].
A new instrument, the MS9, is now being built based on the experience
gained; the chief differences are the use of a resolving system of twice the
previous dimensions, provision of an electron multiplier detector and faster
scanning, a more versatile and accessible ion source and improved facilities
for rapid and accurate mass measurement.
Tube unit
A schematic diagram of the tube unit of the new instrument is shown in
Fig. 11. The analyser system used is similar to that of Nier and Johnson [22],
in which first order double-focusing and second order angular focusing
are achieved by suitable choice of dimensions. The angle of both electric
and magnetic sectors is 90° and the radii are 15 inches and 12 inches re
spectively. With source and collector slits set at their minimum width,
0.0003 inches, the theoretical resolving power is 20,000.
The ion source is arranged so as to provide maximum accessibility, easy
removal of the ionization chamber and filament and line of sight access
19-60143045 I &

Μ
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to the ionization region. Other types of ion source are easily substituted for
the electron bombardment source if desired.
The ionization chamber and the first pair of half plates in the ion gun,
which are at a high positive potential, are mounted on the removable source
flange by means of quartz pillars. This assembly can be removed without
breaking the glass sample inlet pipe. Opposite the normal sample inlet is a
flange in the source housing and a corresponding hole in the ionization
chamber, in order to accommodate alternative inlet systems of the direct
evaporation type.
The geometry of the ion source is conventional. The ion beam is defined
by a slit whose width is adjustable from 0.003 inches to 0.0003 inches by
means of an external micrometer control. This is followed by two pairs of
half plates to provide deflection of the beam in both Y and Ζ directions and
finally by a slit which limits the semi-angle of divergence of the beam to
0.012 radians, in order that no ions can strike the electrostatic analyser plates.
A monitor collector, situated between the analysers, intercepts a fraction
of the total ion current and is useful both in setting up the instrument for
maximum resolving power and as an indicator of the amount of sample
admitted.
T w o independent collector systems are provided. The principal collector
system consists of a slit on the principal axis adjustable in width from 0.030
inches to 0.0003 inches, followed by an electron multiplier feeding an
amplifier with a 98 per cent response time of 0.05 seconds. This collector is
intended for high resolving power work with very narrow slits or for very
fast scanning with a wide collector slit. The auxiliary collector has a slit
adjustable in width from 0.016 to 0.002 inches, located off the principal
axis but in the focal plane, followed by the usual collector plate; this system
is intended for routine scans at low resolving power up to m/e 800.
Stability of the critical dimensions is ensured by the method of construc
tion employed. The electrostatic analysers and the collector are rigidly sup
ported from the base plate and the source housing is bolted on to a machined
flange on the electrostatic analyser housing. The magnetic analyser tube has
a degree of flexibility and the magnet can be rotated in the plane of the ion
beam during initial adjustment and can be moved horizontally and vertically
by hand wheel controls.
A t the maximum ion accelerating voltage of 8 kV, the mass range is 2 to
800 but the upper limit of the range can be extended by reducing the voltage.
Experience on the MS8 instrument suggests that resolving power will not
be affected by reducing the voltage to 3 kV, at which a mass range of 62000 is available.
Contamination of critical surfaces by the sample, for example, source
plates and insulators and the electrostatic analyser plates, is minimised
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by the provision of high temperature baking of the source region to 300°C
and differential pumping of the source and analyser regions so that the
sample pressure in the analysers is at least 10,000 times less than in the
source. The metal ball valve, which closes off the source from the analysers
at a point immediately behind the adjustable slit, enables the source to be
removed without admitting air to the analyser region [7]. The analyser
region can be baked and operated at 100°C.
The general arrangement of the instrument is such that the controls for
adjustment of source conditions, recording spectra under varying conditions
of resolving power and scanning speeds, and rapid mass measurements, are
conveniently placed for the operator. The electronics include fast amplifiers
and scanning circuits which enable spectra covering a mass range such as
m/e 20 to 400 to be recorded in approximately 3 minutes, electric and
magnetic field supplies stable to 1 part in 10 , and peak-switching circuits
6

and oscillographic display for mass measurement.
Mass measurement
Measurement of the mass of an unknown ion is made with reference to
that of a known ion by comparing the ion accelerating voltages necessary
to bring the ion beams on to the collector slit at a constant magnetic field.
The comparison is made by the method described by Nier [25] and illustrated
in Fig. 12.
A sawtooth signal is applied to auxiliary coils on the magnet and to the
X-plates of an oscilloscope, the output of the electrometer amplifier being
connected to the Y-plates, and a portion of the mass spectrum is displayed
on the screen. The amplitude of the sawtooth voltage is restricted so that
a single peak appears. With the selector switch in position A , the peak of
lower mass is tuned in by adjusting the magnet current. With the switch
in position Β the decade Δ R is adjusted to bring the peak of higher mass on
the screen. In position A B , the two peaks are displayed alternately several
times per second and are first brought to equal height by adjustment of the
sensitivities of amplifiers A and Β and then brought into coincidence by

Fig. 12.—Peak-switching circuit for mass
measurement.
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a final adjustment of the decade. The ratio of the two masses is then
1. X X X X X X , where X X X X X X is the reading of the decade.
The stability of the circuits and the resolving power of the instrument
will be sufficient for the measurement of mass ratios with a precision of a
few parts in 10 provided the masses of the two ions do not differ by more
6

than 10 per cent.
Resolving power
In view of the increased radii, the resolving power of the MS9 is expected
to exceed the figure of 10,000 which has been obtained on the MS8. A s
shown by Craig and Errock [10], the operation of setting up for maximum resolving power, and the maintenance of resolving power from day
to day is particularly easy on this type of instrument. The theoretical
focusing conditions can be achieved by adjusting the relative positions of
the tube and magnet. Experience on the MS8 indicates that after initial
setting up, horizontal motion of the magnet is the only adjustment necessary
for the day to day maintenance of the highest resolving power. The ease of
adjustment for maximum resolving power was one of the main considerations which led to the choice of the Nier type of analyser system in the MS8
and its retention in the MS9.
Sample

introduction

A diagram of the sample handling system is shown in Fig. 13. Means are
provided for introducing gaseous, liquid or solid samples in a variety of
ways:
a. Admission of a vaporised liquid or solid sample through the hot valve
system via the heated three way metal valve, glass reservoir, sintered disc
leak and glass inlet pipe. The whole system can be heated to 350°C and all
metal surfaces except the seatings of the valves are coated with glass to
minimise catalytic decomposition of the sample. This system is suitable
for compounds which can be heated without decomposing to a temperature
where the vapour pressure is greater than 0.1 torr.
b. Admission of a sample through the gallium-covered sintered disc.
This system is entirely of glass, employing magnetically-operated glass ball
valves, and can also be heated to 350°C. Liquids are introduced very
conveniently by placing them in a capillary, the end of which is pushed
through the gallium to make contact with the sinter. Solids can be introduced
in a similar way, though less reliably, by placing a small amount on the
end of a glass rod.
c. Admission of a gas or volatile liquid through a conventional cold inlet
system. This is particularly useful for reference compounds for mass measurement.
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Fig. 13.—Sample handling system.
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d. Introduction of otherwise intractable solid samples directly into the
ionization chamber on the end of a probe. The sample is carried on a
filament which is heated electrically to volatilise the sample. The probe is
inserted through a flange in the source housing as indicated in Figs. 11 and
13.
e. Direct evaporation of the sample into the spectrometer from a tube
which is attached to the flange mentioned above. This system is intended
primarily for the identification of gases and vapours evolved from solids.
Identification
A

by mass measurement

simple organic compound can often be identified, that is its atomic

composition and structural formula can be deduced, from the low resolution
mass spectrum of the compound under electron bombardment. The molecular weight of the molecule and of some of its possible fragments are
obtained directly from the mass number of the parent and fragment peaks
observed, and the mass spectrometer is unique in providing this type of
information. However, in the case of organic compounds containing nitrogen, oxygen and other elements, the mass number of a peak may not be
sufficient to determine the atomic composition unambiguously, since it could
arise from various combinations of those atoms, but since these combinations differ slightly in mass because of the different nuclear packing fractions
of the atoms concerned, a sufficiently accurate mass measurement will
enable the particular combination of atoms involved to be deduced. The
accurate masses of all the likely combinations of carbon, hydrogen, nitrogen
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Fig. 14.—Some typical multiplet peaks, recorded on the MS8 instrument [10].

and oxygen, having nominal masses up to 250 have been tabulated by
Beynon [2].
The number of possible combinations increases rapidly with mass number;
thus at mass 28 there are only four possible combinations of carbon,
hydrogen, nitrogen and oxygen atoms, namely C H , C H N , N
2

4

2

2

and C O ,

whereas at mass 200 there are over 100, covering a range of 0.2 mass units.
If sulphur, or any other fifth element, is present, the number of combinations
is further increased and mass measurement to an accuracy of 1 part in 10

5

may not be sufficient to determine the nature of the ion uniquely. However,
the possibilities may be narrowed down to two or three and other considera
tions are usually sufficient to enable a choice to be made between them.
For example, where the parent peak is being studied, those combinations
not corresponding to a complete molecule can be excluded, and the heights
of the isotopic peaks occurring one and two mass numbers above the main
peak provide additional evidence for the types and numbers of atoms making
up the molecule.
Once the atomic composition of the molecule has been established, in
formation on the structure of the molecule can be obtained from similar
measurements on fragment peaks, using empirical rules relating fragment
patterns with molecular structure, previously established by study of the
mass spectra of many different compounds. The situation may be com-
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V . Mass number, M , at which the ions in a doublet attain

a separation ΔΜ/Μ

Group

of 1/10,000.

AM

Μ

N-CH

2

-0.1258

126

0-NH

2

-0.02381

238

0-CH

4

-0.03639

364

s-o

2

S-CH 0
4

S-C H
2

CO-N

8

2

NO-C H
2

e

-0.01776

178

-0.05415

541

-0.09055

905

-0.01123

112

-0.04897

490

10,000

plicated by the fact that a fragment peak may be a multiplet, so that the
components of the peak must be at least partially resolved. However, it is
found that the most commonly occurring doublets containing C, Η , Ν , Ο
and S atoms are due to ions differing only by simple groups, for example,
the 0 - C H

4

doublets shown at m/e 28 and 57 in Fig. 14, S - C H at m/e 134,
2

or S - C H 0 at m/e 140. The doublet separation, Δ M/M,
4

8

decreases as the

mass of the ion is increased and Table V lists the masses, M , at which the
separation becomes 1/10,000 for some of the most commonly occurring
groupings.
Applications
With the exception of quantitative analysis of heavy petroleum products,
the new techniques for examining low vapour pressure organic materials
in the mass spectrometer have not been widely applied owing to the fact
that instruments of the high performance required have only recently
become available. Identification of unknown organic compounds by mass
measurement, pioneered by J. H . Beynon [1, 3, 4] should find application
in a number of fields including pharmaceuticals, biochemical compounds,
dyestuffs and flavours. In these applications the ability to carry out an
identification on as little as 10 micrograms of the compound will be a great
advantage.
The same techniques can be used to determine the nature of impurities
in a sample, taking advantage of the wide range of signal strengths (10 to
5

1) which can be observed in the mass spectrometer. A common problem in
the production of organic chemicals arises when two apparently identical
samples of a product exhibit different physical properties, for example,
flavour, colour or smell. The presence of impurities in one sample which
are absent in the other may be detectable from small differences in the mass
spectra of the samples, and the nature of the impurities can then be deter
mined by mass measurement of the peaks involved.
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Reed [16, 28, 29] has used the direct insertion technique to study the
modes of thermal breakdown of complex organic molecules, and the useful
ness of this technique will be greatly enhanced by the use of high resolving
power and mass measurement. The breakdown of molecules under electron
bombardment is of interest in itself from a theoretical point of view and in
addition, knowledge of this kind assists in the formulation of empirical
rules by which mass spectra may be related to the molecular structure. The
mass spectra of several homologous series of compounds have recently
been reported, including a number under high resolution conditions (5, 6 ) .
The authors are indebted to Mr. R. Brown for the analyses and detection
limits given on pp. 283-85 and to Associated Electrical Industries Ltd. for permisson to publish this paper.
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