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is discussed.
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One comes to regard the machine as

having a personality - I had almost said a feminine
personality - requiring humoring, coaxing, cajoling -
even threatening! But finally one realizes that the
personality is that of an alert and skillful player
in an intricate but fascinating game - who will take
immediate advantage of the mistakes of his opponent,
who “springS“ the most disconcerting surprises, who
never leaves any result to chance é but who never-
theless plays féir = in strict accordance with the
‘rules of the game: These rules he knows and makes no
allowance if you do not. When you learn them and

play accordingly, the game progresses as it should.

- Albert Abraham Michelson (1911)
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CHAPTER 1
INTRODUCTION

1-1. THE CONCEPT OF MASS

The word "mass" is derived from the Latin
word "massa " which originally meant a lump of dough

or paste (Jammer, 1961). The modern meaning of "mass"

in physics is much harder to define, in part because it

is of a fundamental - almost axiomatic - nature and in

part because it performs several seemingly different
functions.

Originally mass was regarded as an inherent
property of an object which somehow described the quantity
of matter contained 1n.it and which was conserved when
matter changed its form« The role of inertial mass in
mechanics developed from'id;aslconceived by Johannes Kepler
and broughtfto their succint expression by Isaac Newton

in his second law of motion F=ma. In addition, Newton

showed -that gravitational mass could be expressed in terms

- of the attraction experienced as a result of the presence
of another object éccording to the universal law of

gravitation.- Ernst Mach later disputed Newton's notion

of absolute motion (in particular with regards to absolute
rotational motioh) and advanced the idea (later termed Mach's

Principle by Einstein) that inertial mass, rather than being




an lnherent property, depends upon some interaction
with the remaining mass in the universe (Clotfelter,
1970).

Albert Einstein's attempts to generalize the
laws of physics with respect to any reference frame
(nis special and general theories of relativity) revealed
unsuspected properties‘of mass. The special theory
showed first, that inertial mass varies with velocity

according to
1
m=mg / (1-v%/c? )2 (1-1)

and second; that mass and energy are equivalent and are

related by
E = me? . (1-2)

This equivalence has been verified to within 64 ppm
(Wapstra, 1967). The conservation of mass and energy
can be shown to result from the lack of a preferred
origin for time in the laws of physics (Messiah, 1958).
This is also described by the terms "time independence™

or "time homogeneity?'.




The general theory of relativity was a
direct attempt to incorporate Mach's principle
into the laws of physics. In the principle of
equivalence, Einstein pointed out the impossibility
of distinguishing between an acceleration and a
uniform gravitational field. This resolved the
previously coincidental equality between inertial
and gravitational mass which has been confirmed to
within 1 part in 1011 (Roll et al, 1964). Brans
and Dicke (1961) have developed an alternative
relativistic theory which allows for the variation
of the universal constant of gravitation G in time.

At present all experiments confirm the general
relativistic theories but are not sufficliently precise
to distinguish between them. In particular Mach's
principle has neither been proved nor disproved.

In the course of such investigations it has been found
that G is constant in time to within 1 part in 101
per year (Reasonberg and Shapiro, 1976) and that any
anisotropy - in inertial mass is less than 1 part in

1023 (Drever, 1961).




1-2. STANDARbS OF MASS AND ENERGY

Inasmuch as the concept of mass spans the whole
range of physical experience, several mass standards
and scales have been found to be convenient. On the

astronomic level, for example, the solar mass

( Mg = 1.989 £ o x 1030 kg, Mohler (1966)),although
clearly changing with time, is often the unit used in
comparisons. Oh the scale of everyday experience, and
on the atomic scale, more precise standards have been
adopted.

In the everyday world the mass standard is the
kilogram (kg) which was originally defined as the mass
of a cubic decimeter of water under certain conditions.
The present standard kilogram was constructed 1in 1889

from a platinum - iridium alloy (90/10) and is in the

form of a solid cylinder with height equal to its dlameter.

The primary standard kilogram is kept at the Bureau

TInternational des Poids et Mesures at Sévres, France.

Secondary standard copies may be compared to the original

to a consistency of within 2 parts in 108. This mass
standard although of a convenient size for commercial

and everyday purposes has drawbacks for scientific

purposes in that it is an arbitrary and unique standard

which is not easily accessible, not indestructible and

not amenable to precise duplication.




Prior to 1960 two standards of atomic mass were
in common use. Chemists utilized a scale in which
the gram atomic weight of oxygen (of natural isotopic

composition) was defined to be equal to 16 grams while

physicists chose to use a scale in which a single atom

of 16O had a mass of precisely 16 amu (atomic mass units).
In 1960 a single new standard was chosen so that one
isolated atom of 120 at rest and in its nuclear and

atomic ground state has a mass of exactly 12 u (mass units)

(Wichers, 1962). Atomic masses of other nuclides may be
compared to 120 with precisions occasionally as high

as 1 part in 109 (Smith and Wapstra, 1974). The
connection between mass units and the kilogram mass scale

is established by Avogadro's number N, (see Table 1-1)
1u = (_1 ) ke (1-3)

The electron volt (eV) (and multiples thereof)

is also used as a unit of mass and energy in the atomie,

nuclear and elementary particle domains. This unit is
defined as the kinetic energy gained when an electron

passes through a potential difference of 1 volt. The

relationship between mass units and electron volts




(the mass to energy conversion factor) is obtained

from the fundamental constants NA » € and c¢. Thus

1u = ( o? ) eV (1-4)

NAe

The numerical relationships between kilograms,
mass units and electron volts as well as the values

of the pertinent fundamental constants are summarized

in Table 1-1.

1-3. THE IMPORTANCE OF ATOMIC MASS DETERMINATIONS

120 atomic mass scale all naturally occurring -

On the
atoms have masses whose values lie within .1 u from
a whole number. This remarkable fact, together with
the discovery of the neutron and of isotopes, provides
lrrefutable evidence that the nucleus is a composite

structure. Thus all of the various types of atoms

can be considered as different numbers and configurations

of neutrons, protons and electrons. The small diff-
erences from the whole number rule have proved to be
most interesting and useful in elucidating the structure

of the nucleus.




Precise atomic mass determinations showed that
each type of atom has a unique mass which provides a
means of identification and isolation. In addition it
was found that the mass of an atom is less than the sum
of the masses of its individual constituents by an
amount equal to the total binding energy of the atom.
The total atomic binding energy includes both the binding
energy of the nuclear particles and of the orbital atomic
electrons. However, because the relative sizes of the
nuclear and electronic binding energies differ so greatly,
the total binding energy of the atom almost entirely
reflects the binding energy associated with the nuclear
particles. Thus for ZOOHg y for example, the total binding
energy amounts to 1581.2 MeV (Wapstra and Gove, 1971)
of which the total electronic binding energy contribution
is only .534 MeV (Huang et al, 1976). The total binding
energy is largely a result of the strong attractive force
between nucleons and gives a measure of the stability of
the nucleus with respect to the various modes of decay.
Systematic variations of the total binding energy

as ‘a function of N and Z reveal the general nature of the




nuclear force. Increased precision in the mass
determinations shows finer variations attributed to
collective nucleon behavior and nuclear shell structure.
Williams and Duckworth (1972) have noted that in the past
each major increase in the precision of mass determinations
has elucidated stability effects previously obscured by
the errors in measurement.

At present the accuracy of theoretical predictions
of atomic mass generally lags behind that achieved in the
experimental determinations. Experimentalists however
still have much work to do. In particular the atomic
masses of unstable species are not well known in comparison
with the naturally occurring nuclides. Moreover the atomic
masses of heavier atoms are generally less well known than
those closer to the primary standard of 12C.

Finally, the determination of atomic mass differences

gives an unequivocal measure of the available energy

between the ground states of two different nuclides.
Accordingly, such measurements provide important information
complementary to that obtained from the studies of nuclear

reactions as described in the followling section.




1-4. MNETHODS OF ATOMIC MASS DETERMINATION

A. ALPHA DECAY:

The alpha decay of a nucleus ( % X ) may be

represented by:

A A=l

where Q accounts for all of the energy released. Thus

the mass difference between parent and daughter nucleus

may be determined by measuring the kinetic energy of the
alpha particle and accounting for the recoil energy of

the daughter nucleus. This technique has provided most

of the mass information for nuclei heavier than Bi since
these are all unstable to some extent with respect to alpha
emission. Usually measurements of the highest precision are
prerformed using a magnetic analyser which must first be
calibrated by an alpha of known energy. Aipha energy
standards have been determined with standafd errors as low
as .05 keV (Rytz et al, 1972) although most alpha energy
measurements have uncertainties of the order of 20 keV.

For atomic mass differendes these measurements (and in
principle any reaction or decay measurement in which

Z changes) must be corrected for the total binding energies

of the atomic electrons.
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B. BETA DECAY:

A
The beta decay of a nucleus ( 5 X ) may be

described by:

A S 3
Y+e  +Y + Q"
A r Z+1
X
Z N A
Y +et +V £ Q% (Q722mc?) >(1-6)
Z-1
A A
- +
X +e — Yy +Y +9 (electron capturea
Z Z-1

Because the avallable energy is shared between the beta
particles and the neutrino, beta particles are emitted
with a continuum of energies up to a maximum or end
roint value which alone detefmines the mass difference.
In the case of positron emission the Q value (expressed
in terms of the difference in atéﬁié masses between

2 since the

parent and daughter nuclides) must exceed 2myc
total number of electrons in the final configuration is
different from that prior to the decay. For Q+ values

in the range 0 to 2moc2

only electron capture will occur.
Electron capture generally does not provide useful mass
differences inasmuch as the neutrino energy cannot be

measured directly.
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Beta decay energies are usually measured in a
magnetic analyser such as the large iron-free two
dimensional focusing TT\fE- spectrometer at Chalk
River. Although end point energlies have been measured
to better than .1 keV in specific instances (Bergkvist,

1972), typical uncertainties are on the order of 10 keV.

'C. NUCLEAR REACTIONS:

Induced nuclear reactions may be expressed by:
a+X— Y+ b+ Q (1-7)

where X and Y are the initial and final nuclei and a and
b are the incoming and outgoing particlés respectively.
The particles a and b may be charged particles such as

12 16
p, 4, t, 3He, <, c , 0]

y etc. or neutrons or photons.
Charged particle reactions, in particular the

(d,p) reaction, have provided many mass links. Despite

the need to determine the energies of two particles the

typical precision is about 10 keV. The development of

heavy ion accelerators, notably the heavy ion cyclotron,

should provide many new links involving larger mass

differences and connections to exotic nuclei far off

the 1line of stability.
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The ( n;v ) reaction initiated by thermal neutrons
from a reactor is of particular importance for atomic
mass determinations because it provides many precise mass
differences between even -A and édd -A isotopes. Gamma
ray energies below 1MeV may be determined with a curved
crystal spectrbmeter while at higher energieé Ge ( Li )
detectors are used. Precisions of .5 keV or better are

not uncommon.

MASS SPECTROSCOPY :

Mass spectroscopic atomic mass determinations
involve the direct comparison of charge to mass ratios
for posgitive ions undergoihg deflection and spatial
separation in combinations of electric and magnetic fields.
Absolute atomic masses may bé determined in principle for
any atom by using the doublet technique. 1In this method
the mass separation between an unknown peak and a well known
secondary standard, such as a hydrocarbon peak of nominally
the same mass, is measured. In addition one may determine
direct mass differences by using molecules such as chlorides
which yield narrow and chemically identical doublets involving
two mass unit differences for most of the elements. These

differences are complemented by ( n,v ) measurements since,
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with some exceptions (Barnard et al, 1977), it is some-

what difficult to form suitable chemically identical
doublets for one mass unit differences. The precision

of mass spectroscopic determinations can be as high as

1 part in 108 of the atomic mass M for absolute masses and

2 parts in 109 of M for mass differences. This translates
Into an uncertainty of about .5 keV, a value which competes
quite favorably with those associated with nuclear reactions
and decays.

Although most mass spectroscopic determinations have
been made by means of maghetic deflection instruments the
most precise measurements to date were obtained by the late
L.G. Smith using the rf mass spectrometer at Princeton.
These measurements have uncertainties as low as 5 eV and are
of great 1mportan§e inasmuch as they determine almost
independently all of the important secondary atomic mass
standards at low masses (Smith 1971, Smith and Wapstra 1974).
The secondary étomic mass standards and mass differences
used in this thesis are listed in Table 1-2.

Recently, mass spectroscopy has been applied to the
direct mass determination of unstable nuclides (Thibault
et al, 1976; Wollnik et al, 1976) and considerable work to

this end is in progress in several laboratories.
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1-5. TABLES OF ATOMIC MASSES

Mass spectroscopic atomic mass determinations are
generally complementary to the nuclear reaction and decay
data in that the former has involved the naturally occurring
nuclides. By combining both groups of data atomic masses may
be established for all the known nuclides. Since many of the
masses and mass differences are in this case overdetermined
the "best" values can be determined by performing a least
squares ad justment of all the experimental data. Moreover
erroneous and inconsistent data may be detected and removed
in the adjustment procedure. Several such compilations of
atomic masses have been made starting ﬁith Mattauch and
coworkers in 1960 and continuing to the present day
(Mattauch et al (1965), Wapstra. et al (1967), Wapstra and
Gove (1971), Wapstra and Bos (1976) )Jwith each new least
squares ad justment producing more reliable values than the

last.
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TABLE 1 - 1

Mass Conversion Factors and Related Fundamental Constants

Fundamental Constant Value Bef.
Speed of light c = 299 79é 458 : 1.2 m/sec a
Charge of the electron e = 1.602 189 2 ¥ 16 x 107'°¢ b
Avogadro's number N, = 6.022 097 6 t 54 X 1026 (kg mol)-1 c

a Cohen (1976)
b Cohen and Taylor (1973)
¢ Deslattes (1976)

Mass Conversion Factors

1

lu= (N, )ke 27

1.660 551 0 + 15 x 10"/ ke

c?

( Npe ) eV

-
o
i

931.493 5 - 28 x 10° ev
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TABLE 1 - 2

Some Secondary Standards of Atomic Mass and Important lMass

Differences
Atomic Mass Value (u Ref.

n 1.008 665 02 oy a
1y ' 1.007 825 029 ¥ 5 b
134 13.003 354 831 ¥ 10 b
164 15.994 914 616 = 22 b
35a1 34.968 852 76 T 7 a
370 36.965 902 61 £ 12 a
351 - 6o, 2.979 023 79 I 11 a
3701 - 351 1.997 049 85 I 13 a
1.997 050 11 < 30 ¢
1.997 ok 74 I 10 d

1.997 oko 802 ¥ 76 weighted mean

a Wapstra and Gove (1971), including Smith (1971)
b Smith and Wapstra (1974)
c Katakuse and Ogata (1972)

d Barber et al (1976)
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CHAPTER 2

POSITIVE ION OFPTICS AND MASS SPECTROSCOPIC ATOMIC MASS

2-1. HISTORICAL DEVELOPMENT

The discovery of positive ilons in gas discharge tubes
by Goldstein in 1886 initiated a new field of study and the

development of new instruments. The first such instrument was

a positlve ray parabola apparatus constructed by J. J. Thomson
in 1913 using crossed electric and magnetic fields (Thomson,
1907). With this he was able to separate ions for which

AM/M ~ 1/10,.

Subsequently F. W. Aston in 1919 reported the first
instrument coﬁstructed at the Cavendish Laboratory which became
known as a mass spectrograph (Aston, 1919). This more closely
resembled modern instruments in that electric and magnetic

deflections of the lons were made to occur separately. A

resolving power of 130 was achieved and velocity focusing was
used for the first time. Simultaneously A. J. Dempster at the
University of Chicago built an instrument using a 180° uniform

magnetic field, thereby exploiting the advantages of direction

focuéing (Dempster, 1918).

Herzog in 1934 derived the general first order focusing
equations for electric and magnetic fields in a form analogous
to geometrical optics (Herzog, 1934). This understanding

enabled the design of double focusing instrument geometries.
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Double focusing mass spectrographs of superior resolving

power were built by Dempster at Chicago (Dempster, 1938),

Bainbridge and Jordan at Harvard (Bainbridge and Jordan, 1936)

and Mattauch and Herzog at Vienna (Mattauch, 1936). Some of ;;55
these instruments were in fact designed prior to Herzog's theory

but required only minor modificatidns to achieve a double focus.

In the 1950's a number of very large instruments were

constructed notably by Duckworth at McMaster University

(Duckworth et gl, 1957 ) and by Ogata in Japan (Ogata and
Matsuda, 1957) and resolving powers in excess of 100,000 were
achieved. Concurrently, instruments which attain at least
partial second order double focusing were constructed by
Hintenberger and Mattauch at Mainz (Everling et al, 1957),
Nier at Minnesota (Nier et al, 1957), Bainbridge at Harvard
(Collins and Bainbridge, 1957) and by Steveﬁs at Argonne
Stevens et al, 1960).

Hintenberger and Konig in 1957 extended Herzog's

first order analysis to include second order image aberrations

(Hintenberger and Konig, 1957) and in 1959 proposed a number
of instrument designs which correct for some or all of these
(Hintenberger and Konig, 1959). Instruments achiéving

complete second order double focusing have since been built o

notably by Matsuda at Osaka (Matsuda et al, 1966) and by

Barber and Duckworth at Manitoba (Barber et al, 1967).
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The Manitoba instrument (referred to as "Manitoba II") is

the instrument used for all the new mass determinations reported
in this thesis. A comprehensive history of mass spectroscopy
and atomic mass determinations and comparisons of the various
instruments may be found in Duckworth (1958) and Williams

and Duckworth (1972).

Improvements in preclision over the years were attained
largely through higher resolution associated with increased
size and betteér instrument design. In addition, advances were
also made by the introduction of electrical detection, superior
electrical and mechanical stability, efficient ion source
design and the use of peak matching, signal averaging and
computerized data analysis. The improvements in precision have
progressed at a rate of approximately one order of magnitude

per decade (Williams and Duckworth, 1972)..

2-2. POSITIVE ION OPTICS (First Order Theory)

The trajectory of a particle of massv m charge q
and velocity ?ﬁ moving under the influence of electromagnetic
flelds Eand ’]é"' may be calculated from the Lorentz force
equation.
Tx B

F=q(F+ ) (2-1)
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A. Uniform Magnetic Field

For the special case of an ion traversing at right
Y
angles a magnetic field B of constant magnitude and
direction, the force constrains the ion to a circular

path of radius an where

a, = %z )/ B (2-2)

Thus a uniform magnetic field acts like a prism in that it
disperses ions according to their momentum to charge ratio.
Simultaneously, such a magnetic field acts as a converging
lens, focusing ions which initially diverge from a point
source. The first general description of the focusing
properties of uniform sector magnetic fields was given by
Herzog (1934) in the form outlined below.

In Fig 2-1, let us consider a group of ions of mass

My velocity v, and half angular spread & ({1 )

which diverge from an object point O located a distance
1; from the entrance boundary of the magnetic field. The
ions following the optic axis or central path cross the field

boundary at right angles, proceed along a circular path of

radius a, through an angle <$m and emerge normal to the exit
boundary. The ion beam then converges to the image point I

located a distance 1; from the exit boundary such that the
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FIG. 2-1

Uniform Sector Magnetic Fileld

FIG. 2 -2

Radial Electric Field
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image point I, the centre of curvature C and the object

point O lie on the same straight line. Direction focusing

occurs physically because the ions above the optic axis spend

a longer time in the maghetic field, and thus receive an

additional deflection back towards the optic axis.

Similarly the ions below the axis return to the central path

because they spend less time in the field and are deflected

less. |
Herzog calculated the ion trajectories for this

arrangement, including only first order terms in «, and

showed that the focal length is given by

fo = 8p / sin@ﬁ (2-3)
Also the object and image distances are related by
1 fn _ 2 .
Ly -8y) O -gy) =1y (2-4)
where
g, = fm cosdﬁ (2-5)

1s the distance from the field boundary to the principal
focus.

For 1ons'having a mass m = mo(l +7v) and velocity
v =V, (1 +8) (v,8K1), the trajectory at the image is
displaced from the axis by an amount

b"m=am(6+v) 1+ o 'b'm--—m—f (2-6)
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where b o is the displacement from the axis at the object
position. Thus a velocity spread,Av =;3vo y results in a first
order image aberration which is proportional to the radius of
curvature & in the magnetic field. Further, if we consider
ions for which Yy=p8= 0, we see that the magnification is
A S S N (2-7)
For the special case of an object slit of width
85 = 2b'm with a monoenergetic ion beam (v+ 28 = 0 to first

' "

order) and symmetrical object and image distances (1 m = 1m ;

magnification is unity) the mass resolution is given by

AM /M =7= 8, / ay (2-8)
When electrical detection is used an image slit of width Si
is placed at point I and the resolution is degraded to

AM /M =v= (S, +8,) /a (2-9)

B. Radigl Electric Field

The radial electric field is the electric analogue
of the uniform magnetic field in the sense that it causes
charged particles to travel in nearly circular orbits. This
field may be established by applying a potential difference,
V, between é pair of concentric cylindrical electrodes of
radii a, - k and a, + k as indicated in Fig 2 -2 ( the

separation between the plates is 2k). When V is applied
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symmetrically ( i.e. V (r) = 0 for r = a5, ) the potential

at any point between the plates is described by

ae‘l'k

Fy— ) (2-10)

V (r)=Vin (r/ae ) /In (

This produces an electric field of magnitude

ae + k

E(I‘)=V/rln(§g—_——£

) ~ Va, /2rk (2-11)

( for 'y K ag ) and directed towards the center of curvature.
For ions travelling along the optic axis (r = ae) we then

have

ag ¥ | nv? /2q ) B/ (2-12)

Thus a radial electrlic field acts as a kinetlc energy
analyser, dispersing ions according to their energy to charge
ratio.

The first order direction focusing equations are

similar to the magnetic case:

£, = 8g/A2 siny2 @, (2-13)

Be = fo 008 \2®, (2-14)

(10 =80 ) (10 - 80 ) = £2 (2-15)

bl=a, (BH¥/2) [1+le |-l ot (2-16)
1o - 8 1! - g
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For a monoenergetic ion beam ( 4 +¥ /2 = C to first

order) lons of any mass are focused to the same point.

C. Double Focusing

Direction focusing may be preserved in a consecﬁtive
combination of electric and magnetic fields by using the
image obtained from a radial electric field as the object
for a uniform magnetic field. Combining equations 2-6 and’

2-16 we see that in this case the final image displacement
b£ is related to the initial object displacement bé by

bp =am ( B +V ) | 1 + fp

1p - 8m
- fm a, (B+8/2 )1+ 1 - b, f, (2-17)
T — e
In - 2p le - 8 le - 8

Velocity focusing may be achieved by making the coefficient

of B vanish in equation 2-17. This occurs when

! — -
ep |1n ~ 8o * 1| = 2, 1+ 7, (2-18)
_— ——
Im le = 8

Physically this means selecting electric and magnetic elements
which have equal but opposite velocity dispersions. The
coincidence of a direction focus and a veloclity focus

constitutes a double focus. In this case the resolution for
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symmetrical arrangements ( 14 = 1g ; 1p = lp ) with

electrical detection can be shown to be
AM/M = (So + Si) / 8o (2=19)

A comprehensive treatment of first order positive ion optics

may be found in Duckworth (1958, 1963) and Kerwin (1963).

D. Second Order Focusing and Image Aberrations:

The trajectory of an lon at the final image of a double
focusing combination may be described to second order in

~ and B by
2 8+ Byod ) (2-20)
Yg = ap ( BX + By@ + By " + Bipx B+ Bypf

where Ypg represents the distance from the optic axis. The

5 coefficients By and Bij may be expressed in terms of 8
geometrical instrument parameters: &, .Gn'l, 6;1', \/'E'Cbe'

ae / om, le / emr &/ ap and 1, / ap (Ais the distance between
the electric and magnetic fields while Gé andwiﬁ represent the
angles of inclination of the entrance and exit boundaries of
the magnetic field with respect to a direction perpendicular
to the optic axis). Hintenberger and Konig (1959) selected

values for 3 of the parameters and obtained unique solutions

for the remalning 5 by solving the 5 simultaneous equations

By = By = Byy = Byp = Bp2 =0 (2-21)
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which together characterize the condition of a complete
second order double focus. In this manner they obtained
sets of parameters from which second order double focusing
instruments could be constructed.

Additional image aberrations can result from the
effects of fringing fields. For the radial electric field
effective boundaries may be established by the use of grounded
diaphragms positioned according to the theory of Herzog (1935).
The effects of the magnetic fringe field on the ion beam are:
(1) vertical focusing (ii) lateral displacement of the image
position and (iii) image broadening (Kerwin, 1963). Magnetic
fringing fields necessitate the use of effective rather than

physical boundaries in design calculations.

2-3 MASS SPECTROSCOPIC ATOMIC MASS DETERMINATIONS

Two peaks forming a narrow mass spectroscopic doublet
will be fully resolved when their centres are separated by an
amount equal to the width at the base of one of the peaks.
Thus the width of a peak at mass M for an instrumént with
resolution R is RM. If the position of a peak can be located
to some fraction f of its width the resulting uncertainty in

its mass,$M,will be

§M = fRM (2-22)
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This corresponds to a precision in mass determinatlon

of

6M = fR (2-23)

while the precision attainable in determining the mass

difference of a doublet of width AM is then

§M = fR M (2-24)

i Gw |
This represents the theoretical precision possible for a
particular instrument when we assume that the major part of
the error results from the uncertainty in peak location.

For mass spectrographs, in which photographic detection
is used, f is limited to about 1/50 of a line width, while the
resolution is limited by the grain size of the photographic
plate. In addition the dispersion of the apparatus must be
known accurately in the mass region of the doublet. For mass
spectrometers, in which electrical detection is used, the
introduction of an image defining slit degrades the resolution
by a factor of ~2 when the slit width equals the width of the
image. In this case the resolution is frequently limited by
slit quality at narrow widths. The factor f, however, may be
reduced to 1/1000 or less when peak matching is used, so that

a significant overall improvement in precision is achieved.
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For mass spectrometers, the mass difference between
an "unknown" peak and a "standard" is usually determined by
a procedure called 'peak matching" which is based on an
important theorem given by Swann (1931) and later by Bleakney

(1936) in the form described below.

A. Bleakney's Theorem:

Bleakney's theorem is a statement of the conditions
under which ions of different mass may be made to follow
jdentical paths in electromagnetic fields. The electromagnetic
force equation (2-1) may be rewritten in the form

~ -~ - — -

Mv.gz =q (E+ v x B) (2-25)
ds

where s is the path length measured along the trajectory.
This equation, plus two initial conditions (e.g. 8 = 0 and
>V'= o at time t = o ), completely determines the trajectory
if the E‘andlg fields are known at every point traversed.

If E: E: gfand M are now multiplied by the scalar
constants ¢ , 8 ,¥% and & respectively while the charge q remains
unchanged, equation (2-25) becomes

552NTedv = q (aE +37 x B) (2-26)
ds

This will reduce to (2—25)’ensur1ng identical trajectories,

provided that
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5%2 =oc= 38 (2-27)

If additionally the magnetic fields are kept constant
(or vary in an identical manner in both cases), then@ = 1.

The relationship between § and ¥ becomes, in this case,

5%y =1 (2~28)
For M' =6M and I = 57, we have the result
— —
M'v! = Mv (2-29)

In principle this relation must also hold for the initlal
velocities. This will always be true in the special case
when the ions are initially at rest. Small departures from
this condition should produce only second order displacements
of the trajectory in instruments which are double focusing.

The relationship between $ and = is similarly glven by
§ o= 1 (2-30)

which, for electric fields derived from voltages applied to

electrodes such that V' =&V, becomes
M'V!' = MV (2-31)

For M = M' +AM and V' = V + AV this relationship may be
expressed alternatively as

AM = AV (2-32)
M v
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C. Peak Matching:

A mass spectral peak may be generated by sweeping the
jon beam periodically across the lmage slit with an auxiliary
sawtooth electric or magnetic field. The detected ion current
is then displayed as a function of time on an oscilloscope
which is synchronized with the modulating field. If the
voltage across the electrostatilc analyser plates is changed by
an amount AV the spectrum viewed on the oscilloscope will be
displaced laterally by a proportionate amount. IfAV is applied
on alternate sweeps both the original and the displaced spectra
may be observed simultaneously. Peak matching involves the
ad justment of AV until one member of a doublet on the displaced
spectrum coincides with the other member on the original spectrum.
When coincidence is achieved AV is measured and AM may be
calculated from equation (2-32).

The technique of peak matching originated with Smith
(Smith and Damm, 1953, 1956) and was first applied to deflection
instruments by Nier's group at Minnesota (Giese and Collins,
1954; Quisenberry et al, 1956). The following advahtages are

obtained with the peak matching method:

(1) Peak matching involves a single direct
determination of the doublet separation rather

than two separate determinations of peak locations.
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(2) The mass difference is calculated in terms
of a voltage which may be measured very precisely
(accurate knowledge of M and V is not required
because they are in general much larger than

AM and AV).

(3) Information concerning the mass dispersion of the
instrument is not required since both ion groups

traverse the same path.

(4) A "live" display of the ion beam arriving at the
collector is available. This enables one to test
that the ion beams satisfy Bleakney's theorem
(see section 3-7 ) and facilitates in the

focusing of the instrument.

C. The Proportional Error and Problems Related to

Peak Matching

Two ion beams of mass difference AM will be in perfect
coincidence along their entire trajectories only if =all
voltages are switched according to equation (2-32). If a
~small unswitched voltage gives rise to an electric field
transverse to the direction of the ion beam it wlll displace
the trajectories of M and M' by amounts which differ in

proportion to AM. Coincidence at the image slit will then
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be observed only if the switched voltage AV is altered from
the "true“ value by an amount proportional to AM. This results
in a calculated AM which is in error by an amount proportional
to the doublet width.

In practice an appreciable systematic error of this type.
has been observed (typically - 100 ppm for Manitoba II).

Southon (1973, 1977) has investigated the nature of this error

in detail for Manitoba II and isolated the electrostatic analyser

as the region where the prime contribution arises. He detected

currents arriving at the analyser plates which are believed to
result from secondary electrons and ions produced in charge
exchange and dissociative collisions between the primary ion
beam and residual gas molecules. Petit-Clerc and Carette
(1968, 1970) have demonstrated that surface potentials develop
on relatively clean metal surfaces under electron or ion
bombardment and may persist for hours. They conclude that
charges become trapped in polymer films formed by organic

contaminants.

A sufficiently precise value of the proportional error
may be ascertained by the determination of the separation of a
wide calibration doublet of well known width. A correction is

then applied to the determined separation of the narrow doublet

of interest. The magnitude of this correction remains fairly

constant over a period of a few hours although it may vary
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substantially from day to day (Stevens and Moreland, 1967).

A proportional error will also result if the measured
value of the voltage V used to calculate AM in equation
(2-32) is different from that experienced by the ion beam.

The proportional correction will also account for this type of
error, provided that the value of V remains constant between
the time of calibration and the time that the narrow doublet
determinations are made.

Systematic errors may also occur if the two ilon groups
do not start their trajectories under identical initial
conditions. Chemically dissimilar jons may be formed at
slightly different locations in the ion source and thus acquire
different distributions in energy and direction. Additionally
these effects may depend strongly on the particular source
conditions. In practice the separations determined for
chemically dissimilar doublets exhibit larger fluctuations
than do those for chemically identical doublets. Dempster and
Shaw (1950) have demonstrated that positive ions may suffer
significant energy loss in collisions with residual gas
molecules without an appreciable change in direction. The
extent of this energy retardation depends on the type of ion
and thus the separation determined for a chemically dissimilar

doublet may depend on residual gas pressure (Isenor et al, 1956).
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D. The Status df Atomic Masses:

The uncertainty in the atomic mass (in wxu) for the
most accurately known nuclide at a given mass number A from
A =40 to A =210 is illustrated in Fig. 2-3. These
uncertainties represent the output errors in the 1971 Atomic
Mass Evaluation (Wapstra and Gove, 1971). It is seen that the

magnitude of the uncertainty is substantially larger for the

.heavier nuclides and is a maximum for 1931y and 19kpy,
Generally, the mass differences between neighbouring ﬁj;

nuclides which differ in A by one or two units are known more

accurately than the masses themselves. The atomic masses have

relatively larger uncertainties for the following reasons.

(1) In recent years the ma jority of mass spectroscopic

determinations in the mass region shown have been

- determinations of mass differences, since the most
interesting nuclear properties are reflected in

such differences (Williams and Duckworth, 1972).

In most cases these determinations involve doublets
in which the members are chemically identical or
similar. Such doublets are particularly amenable
to study, lnasmuch as the members acquire the same

distributions in £ and £ and the conditions required

by Bleakney's Theorem may be satisfied precisely.
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Moreover, the accuracy of these mass differences
is enhanced by the inclusion of precise nuclear
reaction and decay data in the least squares

ad justments (see section 1-5).

(2) 1In contrast, absolute atomic masses may be determined
at present using only mass spectroscoplc techniques.

In the past there has not always been good agreement

between the determinations made in separate laboratories

(Wapstra, 1967). Chemically dissimilar doublets must

always be used for absolute mass determinations. Such
doublet determinations usually have larger statistical
errors and in addition are more susceptible to

systematic errors (see section 2-3C).

(3) Further, the doublets used for absolute mass determination
generally involve much wider mass separations (in
comparison with the chloride doublets for example ).

For wide doublets the proportional correction (see section

2-3C) contributes a significant change in the AM value.

The straight 1ine at the bottom of Fig. 2-3 indicates
a precision of 1 part in 108 of M, a value which previous

experience‘in this research group suggests should be attainable.
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CHAPTER 3
THE MANITOBA IT MASS SPECTROMETER

2-1. INSTRUMENT GEOMETRY

The Manitoba II mass spectrometer was constructed

according to one of the complete second order double focusing

instrument designs proposed by Hintenberger and Konig (1959).

The particular geometry selected(depicted in Fig 3-1) has the

following praetieal advantages:

(1.)

(2.)

(3.)

An intermediate direction focus is obtained between
the electrostatic and magnetic analysers. This
permits the use of an energy defining slit (Sg)

to control the range of ion energies transmitted and
also aids in the Tocusing and operation of the
instrument (see sec. 3-7).

The design is compéct with ion deflection in the
same sense in both the electric and magnetic fields
and with relatively short lengths for lie’ 1"e,
l'm and 1"m' This minimizes problems associated
with mechanical vibrations and stray magnetic
fields.

The ratio of the total ion path (4.59 m) to the mean
radius of curvature in the electrostatic analyser
(ae = 1 m) is relatively small for this geometry.

This both improves the transmission and reduces the

vacuum requirements.




G, = 100-00 cm.
®, = 94-65°
0y = 62:74 cm.
b, = 90°

e = 44-45 cm.

17-63 cm.
82-49 cm.
59:-46 cm.
27°

15°

2-000

Fig 3-1  Geometry of Manitoba II
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(4.) The overall magnification of the instrument is .50
and places less stringent requirements on the object
slit quality. The slit (So) experiences more
intense ion bombardment than the image slit (Sc)
and consequently deteriorates more rapidly.

(5.) The magnetic field boundaries are straight and thus
are easily constructed and aligned.

The overall size of the instrument was determined by selecting
the mean radius of curvature of the electrostatic analyser

8g to be equal to 1 m. The mass dispersion of the instrument

is 5.3 mm for a 1% mass difference. For a resolving power of

200,000 the calculated slit widths are So = 2.7uand Sc = 1.8u.
Two views of the complete instrument are presented in Fig 3-2

and 3-3. Detailed descriptions of the mass spectrometer have

been previously published (Barber et al. 1967, 1971).

3-2. ION SOURCE REGION

The ion source is a modified version of the Finkel-
stein lon source (as described by Von Ardenne, 1962) and is

shown in Fig 3-4. Ions are produced by electron bombardment

in the vicinity of a small hole in the stainless steel oven con-

taining the sample vapour. The lon acceleration potential
Va (about + 20kV) is applied directly to the oven and thus

defines the energy of the ions produced. The rhenium filament




L/SEC. ION

REGION

/I MAGNETIC ANALYSER |

1 |

VIBRATION MOUNT

Fig 3=2 Manitoba II (side view)




i
)
.

.

Manitoba II (front view)




RS -:.-
Dy et AP BRI
“ e e, .
Lot .
-..-.' ot et
St e e
JosSe. X
. LI O N S
"°'_:°_. N . ‘:'
LA N b
- .
.':'.~"'.o N "’.
. ‘e .
“entert < 1N 1 S
. . o)
ANEICERSEEPR § & .
A e
. DR | ¥ P
ot eeL e . b/ T
vt Wt aeets o
T AREIAANES LA RS | .
P B . LI
PR TR Lo
L. “° . .
A
et
o
SN
.
NN

i

1
F

V1 BRASS
4 IRON

A
B

C

D

SAMPLE VAPOUR INLET
OVEN ~
Re FILAMENT

Cu WINDINGS FOR ELECTROMAGNET
5 ¢cm. | |

Fig 3-4 Ion Source



Ll

1s held about 100 V negative with respect to the oven. The
source case 1s held approximately 300 V negative with respect
to the oven and thus acts as both an electron repeller and a
positive lon extractor. The copper coil generates an axial
magnetic field of about 1 kG across the pole gap in which the
oven is located. Thus the emitted electrons oscillate back
and forth along the source axis in tight helical trajectories
and create a plasma of positive ions and electrons within the
oven. Positive ion currents of the order of 10 wA with an
energy spread of about 1:.eV are extracted from the front hole
of the oven. The sample is contalned in a copper tube located
outside the ion source body and may be heated by a current
passing through a nichrome ribbon wrapped around the tube.
The sample vapour enters the oven through a narrow gas inlet
tube which is insulated electrically from the source body.

The lon accelerating potential Vg is provided by a comm-
ercial power supply (Universal Voltronics Corp., Model BRE
30-2, 30kV, 2mA) which has a short term stability of about
«5V. The source voltage, Vg, may be switched according to
equation (2-32) by adding to it a voltage AV, derived from a
separate power supply.

The lon beam emerging from the source is first steered

by a pair of vertieal and hofiéontal deflectlion plates and

then focused on the principal or object slit by an electrostatic

guadrupodle lens pair. For wide doublets the voltages supplying
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these electrodes are also switched according to equation
(2-32). The steering and focusing system is described in
detail by Southon (1973).

The principal slit is variable in width and in
orientation about the optic axis. The object height is
limited to 2mm. The position of the object slit and the angle
of entry of the ion beam may be adjusted relative to the
electrostatic analyser by means of lathe slides located directly
beneath the principal slit.

In the hope that the proportional correction might be
minimized, modifications were made to the vacuum system to
reduce the amount of o0il vapour present in the instrument
(see section 2-3C). The Minnesota group found that their
proportional error reduced slowly to zero after an oil free
vacuum pumping system was installed (Johnson, 1973). Accordingly
one of the oil diffusion pumps in the source reglon was replaced
by a 20 1/s ion pump. It was found necessary to retain one
diffusion pump because the ion pump required long start up times
and because the titanium ion pump elements had a relatively
short lifetime when subjected to the heavy gas loads encountered
in the source region. A cryogenic vacuum adsorption pump was
also installed to evacuate the source region from atmospheric
bressure to a few millitorr in an oil free manner. The remainder
of the instrument may also be rough pumped in the same fashion.
Despite these modifications a significant proportional correction

has persisted.
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3-3. ELECTROSTATIC ANALYSER REGION

The éngular width of the ion beam (2%K) accepted by the
electrostatic analyser is limited to™®~% 2 x 103 radians by
the variable slit S, located at the analyser entrance. The
energy range transmitted by the electrostatic analyser is
controlled by the variable slit Sa located at the intermediate

direction focus. This slit limits the velocity dispersion to
p~tg x 10'4. Lathe slides located directly beneath the

Intermediate direction focus allow the position of the electfo-
static analyser to be adjusted relative to the magnetic analyser.
In addition the electrostatic analyser and the ion source arm
may be rotated as a unit about the intermediate direction focus.

The electrostatic analyser has a mean radius of curvature
e of 1m and a sector angle P oOf 94.650. The cylindrical
plates are made of gold plated Armco iron and are separated by
a gap of 2 cem which is uniform to within 10u. The electric field
1s terminated at the physical boundaries of the plates by
grounded blocks positioned according to the theory of Herzog
(1935).

A block diagram of the circuitry pertaining to the
electrostatic analyser is presented in Fig. 3-5. The potential
difference V across the plates is about 778V and is derived from

eight 97.2V batteries. Each of these batteries consists of
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twelve 8.1V mercury batteries (Mallory TR-136R) connected in
series. The stabllity of V was improved by spot welding metal
strips directly between the terminals of consecutive mercury
batteries in order to minimize contact resistances. Two power
supplies are avallable to supply the switched voltagetsv, onhe

of which is used for wide calibration doublets and the other

for narrow doublets. Both AV supplies are described in detail
by Southon (1973). The precision potentiometer was constructed
by Bishop (Bishop, 1969; Bishop and Barber, 1970) and is used to
measure separately both V and AV. The ratio AV /V (used to
calculate AM in equation (2-32) can be determined to a precision

of .4 /AV ppm with this potentiometer (Bishop and Barber, 1970).

3-4, MAGNETIC ANALYSER REGION

The variable slit Sy located at the entrance to the
magnetic analyser may be used to define the vertical position
of the lon beam relative to the median plane. This slit limits
the vertical extent of the ion beam to about 2 mm.

The magnetic analyser has a sector angle,<bm, of 90°
with the optic axis describing a circle of radius ag = 62.74 cm.
The magnetic field is uniform to one part in 5000 over a region
extending to within one gap width of the field boundary for values
df the magnefic field from 3 to 8 kG. The magnetic field is
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generated by six coils arranged in pairs on three "C" shaped
yokes. The coils are connected in parallel electrically and
are water cooled for temperature stability.

The cooling system was modified after the copper
tubing inside one of the coils developed a leak which seriously
impaired the stability of the magnetic field. The leak appeared
to be caused by small cracks in the copper tubing resulting from
corrosive wear and was cured by flushing the cooling system with
a radiator repair fluid. In order to prevent future leaks a
closed loop cooling system was installed in which a mechanical
pump circulates water containing the repair fluid through the
magnet colils to a heat exchanger submerged in a reservoir of
flowing tap water.

The power supply for the magnet provides up to 60A at
LOV and has a stability of about 1 ppm over a period of a few
minutes. A ecircuit diagram of this supply is given by Southon
(1973). The short term stability of the magnetic field has been
lmproved by the addition of an auxilliary regulating circuit.
This circuit detects fluctuation in the magnetic field by means
of two sensing coils, each consisting of 26 turns of fine wire
wrapped around the pole pleces immediately above and below the
gap. The detected signal 1s integrated and amplified and applied
to a correction coil consisting of a single turn of wire wrapped
around the upper pole plece. Details concerning this circuit

will be given by Sharma (1978).
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3-5. ION COLLECTION REGION

The collector or image slit Sc is variable in width
and in orientation about the optic axis. The position of
the collector slit in a plane perpendicular to the ilon beam
can be ad justed by screw drives. The height of the detected ion
beam is limited by a fixed aperture located in front of the
collector slit jaws. Increased intensity was obtained without
loss of resolution by extending the height limits to take
advantage of the net vertical focusing effect of the magnetilc

analyser fringe fileld.

The positive ions passing through the collector slit are
detected by a high gain low noise channel electron multiplier
which replaced the magnetic strip multiplier used previously.

The noise level of the new deﬁector-corresponds to a spurious
count rate of 1.0 counts / sec with the ion pump at the collector
operating and is reduced to .043 counts / sec with this pump
turned off. A new detector housing was fabricated to mount

the detector as close as possible behind the collector slit.

The detected signal is amplified and displayed on an oscilloscope. ig

The ion beam is swept across the collector slit by a |
sawtooth magnetic field generated by a palr of Helmholtz coils
located between the slit and the exit boundary of the magnetic

analyser. At times a systematic bias (see section 4-3 ) was
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observed between the AM determinations obtained with the ion

beam being swept in the "forward" direction (see section 4-2 )
and those obtained with the sweep direction reversed. The power
supply for the sweep coils was modified with the aim of minimizing
this effect. A constant bias voltage was added to the sawtooth
waveform from the oscilloscope to give a linear ramp voltage
signal passing symmetrically through ground potential. A bipolar
operational power supply (Kepco model BOP36-5(M)) is then used

to drive a current through the sweep coils which follows this
input signal. This produces a linear magnetic sweep field which
has zero value at the center of the sweep. This circuit provides

the following advantages:

(1) If the peak observed on the oscilloscope is
positioned at the center of the sweep its position

will be independent of the sweep amplitude.

(2) 1If the connections to the coils are reversed to
sweep the beam in the opposite direction the
observed peak will appear to be reflected about
the center of the sweep. Thus the magnetic field
of the magnetic analyser need not be altered to
bring the peak back to the center of the oscilloscope
screen when the sweep direction is reversed.
In the previous arrangement such a change was

required.
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A detailed circuit diagram for this power supply will

be given by Sharma (1978).

3-6. MECHANICAL SUPPORT AND VACUUM_ SYSTEM

The entire mass spectrometer rests on a 1 inch thick
steel table 12 feet long and 5 feet wide. The table is
supported by 8 pneumatic mounts which isolate the instrument
from building vibrations. The main vacuum chamber is made of
304 stainless steel and may be isolated from the source region
by a gate valve located at the entrance to the electrostatic
analyser. Aluminum or copper gaskets are used throughout the
main chamber except for the electrostatic analyser housing
which 1s sealed by a gold wire. Vacuum pumping is provided by
a 140 1/s ion pump on the electrostatic analyser housing and a
50 1/s ion pump located near the collector slit. The ﬁain
chamber maintains a pressure in the 10--8 torr range under
operating conditions although the pressure may be two to three

orders of magnitude higher on the source side of the object slit.

3-7. FOCUSING

The focusing of the mass spectrometer usually begins by
rivoting the electrostatic analyser about the intermediate
direction focus until the peaks observed on the oscilloscope move

to a position where the intensity and resolution are maximized.
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This usually occurs near the 'turn around" position at which
small angular displacements in either direction cause the
observed peak to move in the same direction.

The velocity focus is then checked by switching the ion
accelerating potential V, by about 10V on alternate sweeps of
the oscilloscope. Lack of a velocity focus is characterized
by a peak being displaced with respect to itself on alternate
traces. A small lateral adjustment of the collector slit position
is usually sufficient to achleve a velocity focus.

The direction focus is then moved to this position by
ad justing 1é~ while varying the angle % of the ion beam with the
horizontal deflection plates. The position of direction focus
is characteriéed by improved resolution and lack of peak
movement with small changes in &« .

When a first order double focus is achieved a second
order focus will also be obtained as the second order coefficients
(see section 2-2D) Byy and Byp are relatively insensitive to
small changes in the instrument geometry. When the direction
focus and the velocitybfocus coincide By» is also zero.

In the peak matching procedure (see section 2-3B) the
trajectories of the doublet members are made to coincide at the
collector slit. One may also test for coincident trajectories
at the intermediate direction focus by varying the accelerating

voltage until the ion beams are cut off by one jaw of the energy
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defining slit Sﬁ . Bleakney's Theorem will be adhered to if the
corresponding peaks observed on the oscilloscope decrease together.
Such a test is particularly important for chemically dissimilar
doublets since in this case the two ion groups may be formed

with slightly different distributions in =« and A as discussed

in section 2-3C.

3-8. PEAK MATCHING CONTROL CIRCUITRY

A bloeck diagram of the control circuitry used in visual
peak matching is presented in Fig. 3-6. A master trigger is
derived from a mechanical chopper which also controls the
switching of the voltage AV applied to the electrostatic
analyser. The trigger signal starts the sweep of both the display
oscilloscope and the signal average simultaneously. Since the
Helmholtz coils are driven by a signal derived from the sawtooth
of the oscilloscope the ion beam is swept in a synchronous manner
with the oscilloscope and the averager. After the sweep is
completed the flyback of the sawtooth triggers the flip flop.
This activates relays which (i) route the signal from the detector
through gain A or B (ii1) vertically displace alternate traces
of the display oscilloscope (i1ii) turn the neon on or off and
thereby control the switching of the voltage AV, added to the
ion éocelerating voltage and (iv) switch the voltages applied

to the steering and quadrupole lens system (for wide doublets).
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Fig 3-6 Peak Matching Control Circuitry -I;
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Detailed descriptions of this control system may be found in
Meredith (1971) and Southon (1973) ineluding the modifications

necessary for computer - assisted peak matching.

3-9. DATA COLLECTION SYSTEM

Although the data are collected in the same basic manner

as described by Meredith (1971) and Southon (1973) extensive

hardware modifications have been made to improve the data

handling capability of Manitoba II. The following changes were

made :

(1) A new preamplifier was constructed which produces
a fast voltage pulse for each pulse arriving from
the electron multiplier. This permits the signal
averager to be used in a pulse counting mode and
results in improved sensitivity for weak peaks

(Sharma et al, 1977a).

(2) The signal averager has been replaced by a more

advanced unit (Nicolet Model NIC-1074) having
L096 memory channels and a dwell time which is

ad justable to as short as 10 usec per point.

(3) A new magnetic tape drive (Kennedy Model 9700)

and interface (Nicolet Model NIC-283A) has been

installed and is used to read and record data from
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the signal averager mMemory onto magnetic tape

or to write data from tape into the memory.

(4) A new master trigger unit has been constructed

and will be described in detail by Sharma (1978).

The new data collection system together with most of the controls

necessary for a2 mass determination is shown in Fig 3-7.




